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Abstract

With the availability of numerical techniques for solving an extensive set of

nonlinear differential equations and high-speedconmputers for performing-the cal-

culations, interest in solving the unrestricted.reaction-rate equations i .growing
among ionospheric researchers. In view of this, the author has continued to refine

the techniques that he prdvbously developed.

The computer code, as discussed here, is written to solve the photochemical

behavior of 15 atmospheric species; these species are electrons, 0 , O ,

NO-, 0+, 0 , N', O+ , NO, N, NO2 , 03, N20, and 0. Built into the code are

-168 reactions that can conceivably take-place among these constituents. Several

examples of the results obtained using the c-de are presented, including the buildup

of. ionization from-zero concentrations at altitudes in the D and E regions and the

deionization of an atmosphere with high initial electron densities. The diurnal

variationmof the atmospheric constituents -is also presented along with profiles for

the-above-mentioned-species from 60 km to 120 km.

The computer codes are included in their entirety with complete explanations

on their usage.
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A Technique for Solving the General Reaction-Rate

Equations in the Atmosphere

-I. INTROIUCTION

The capability of solving the set of-differential equations that describe the time

dependence of individual atmospheric constituents is becoming more and-more

important to ionospheric _research. Modification and extension of the-computer

techniques that-were developed by the author (1962,, 1963) have continued because

of this. Since in certain applications these techniques could not generate solutions

and since these applications are important to ionospheric:studies, the-techniques

were reevaluated in order to make their usefulness more general.

The most significant change made in-the code is the handling of the solution for

a-species after it-has gone into equilibrium or intoquasi-equilibrium with one or

more other species. The techniques involved in developing a solution-under these

conditions have always presented problems. The algebraic equations that were used

in previous work for the computation of the concentrations of the species in-equilibrium

or quasi-equilibrium proved to be inadequate for this purpose. A new approach

that lead to a set of exponential equations which replaced the set of algebraic

equations was developed involving less stringent restrictions. With this new

technique, no code failures were experienced.
n
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Another important change is in the method of:numerically integrating the dif-

-ferential equations. Although it develops stable solutions, the Runge Kutta tech-

nique used previously is uneconomical in terms of computer -time. In order to

reduce the-amount of computer time required-for each solution,, the Runge Kutta tech-

nique was -replaced by the Kutta Merson techiique. Thislater method requires fewer

computations of the derivatives over-each -increment thereby conserving computer

time.

Other changes include removal of the sum equations used by the author (1963)

since-the reason for their being employed was eliminated with-the new technique

for solving-the concentrations-of the species in equilibrium, the computation of the

largest negative species from charge balance rather than the largest positive species,

the use of a separate code to write the subprogram SLOP which computes- the values

of the derivatives, and-the inclusion in the code oftwo-additional species (nitrogen

,peroxide and atomic oxygen) along with 25 new reactions.

Theupdaited codes are-presented here with several practical, applications.

These examples include the simple buildup of ionization from zeroby anexternal

source. the deionization from high initial conditions and the diurnal variation of

the atmospheric species in the D-and E-regions.

2. REVISIONS V; TIE TEWMNIQUE8 OF-SOLUTION

Since the last report by the author (1963) was written, attempts were made to

use the code under diversified-conditions. In several of these-instaices, the code

either -failed-to generate realistic solutions or was unable to generate any solution

at all; Ithesource of this-trouble was always traced back to the solution of the algebraic

set of equations. This set of simultaneous algebraic equations was used to compute

the concentrations of the-species that are-in quasi-equilibrium. Using a criterion
of 10-2 on the iterations of the algebraic set allowed a-certain amount of charge

imbalance to be accepted. Because the major positive -ion-was always being computed

from the re quirementiof balance-of charge, any charge imbalance resulting from the

solution of, the algebraic equations was attributed -to this positive ion. As long

as this positive ion remained the most abundant throughout the-solution, this allowed

imbalance did not cause-'any:-noticeable problems. Whenever another positive ion

became'the -most abundant,. -however, the program generally was incapable of advancing

-the -solution. Oncb- a positive ion was superceded-as the dominant ion, it was no -longer

computed from the requirement ofzcharge balance but rather from its-differentia t

equation. Since-the concentration of -this-ion had taken-uplthe excess charge that was

allowed to creepintothe solution,,-the value ofits dbnsity was not consistent with that

obtained -from -the solution of-its differential-equation. The program tried-to correct
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this situation but the damage was irreparable-and tile program i .,3 forced to main-

tain a constant mesh of the order of a microsecond.

The simple act of tightening the criterion on tile iterations of the algebraic set

to 10 and thus reducing the allowed charge imbalance removed this problem fromi

practical concern. Tie resulting greater accuracy-in the solution of the agebraic

equations also permitted the removal of the-two sum equations used in the previous

code. This change did-not solve all of the problems, however.

Occasions arose where it appeared that at some point in the solutionneither

themdifferential set nor the algegraic set of equationscould generate a solution.

The code advanced the solution to a.timne at which it determined that a species was

in quasi-equilibrium. It removed its differential equation from tie set and expected

a solution from the algebraic set of equations. However, the simultaneous-solution 'r

of the algebraic equations did not conyerge in tile fixed number ofiterations. Thd

code then demanded'that the differential equation tor~this species~be used for the

solution. In order to obtain asolution from, the-differential equation at this point,

however, it was necessary:to reduce the integrating increment. Thejoverall effect
of this behavior was tj allow the solution to advance but only in vei y- srall increments.

This-difficulty-was attributed to the fact thatithe specieswas in quasi-equilibrium

and not in true equilibrium. In other word., its derivative was Lat zeftr as assumed

in derivhlg the algebraic equations. If the differentiaLequations are written as

dNi
-Z N.ERj 0Y1

dN.
andi 0, 'thendt

N -(2)'

'This is the formula previously used to construct the set of algebraic equations.

Because tile derivative was not near zero, it could not be expected that the concen-

tration could bc computed from Eq.(2). In order to overcome this problem, the

assumption that'the derivative is zero was replaced by the more realistic astumption

that the formation term and the remval termR j in Eq.(l) are-constats.

Equation (I) under these circumstances is a-first order linear differ ntial equatikl

with-constant coefficients and its exact solution is

-f1'
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where At is the length of the increment currently being used by'the integrator and,

No is the concentration of the species at the beginning of this increment, Equation

(3) is now used toconsiruct the set of simultaneous exponential equations for the

solution of the species-that are in quasi-equilibrium.

The technique used-by the author,(1962, 1963) for numericaliy integrating the

differential ( quations is the classical Runge Kutta fonrth-order process. One-of

the disadvantages of this technique is that it does not contain within itself any mea-

sure of the accuracy of the solution at-each integration. In order to impose some

control on the accumulation of errors, three separate integrations are performed

for a given increment. The first in te,-ation is made over the increment At start-

ing with tod-'oncentrations Ni (t o ); the second integration is made over the incre-

ment At starring with the concentrations Ni(t -o + At); and, the third integration is-

made over !,e increment 2At starting with the concentrations N.(t o) The con-

-centrations obtained after the second and third integration are compared; if they

differ by more than some presetamountj the solution is considered to be invalid.,

This procedure requires 12 separate computations of the derivatives. The dif-

ferential equations solveddiere generally contain a very large number of terms

which means that' a great deal of -computer time is spent in computing the deriva-

tives. This is very costly of machine time since in many cases the solution is

unacceptable and the~procedure must be repeated with -a smaller inicrement.

Merson (1957) developed a technique based upon-that of-Kutta in whichonly
five values of the derivative are required for any-one solution. Since it appeared

that this could be a great device for reducing the amount of computer time required

for each solution, the Runge Kutta technique was replaced by the Kutta Merson tech-

nique. A detailed description of this method is given in Section 7. 1. 2.

!

3. C IE\IiCAI HEAC1'IOXSS ANi) REAC1ION-RATECONSTANS'i

The computer code,as presented here, was written to evaluate the time histories

of -15 variable atmospheric species: -electrons, 0-, O , 0 3, NO0, 0+, 02, N ,

NOA-, NO, I , NO , 0 3 P N20, and atomic oxygen. The model contains reser-

voirs of molecular oxygen and 'molecular nitrogen that are allowed to vary-during

XMM'
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the solution in order to insure conservation of the total number of oxygen and

nitrogen atoms initially present in the system.

The code contains 168 chemical reactions that can possibly take place among

the variable species. With a few exceptions, the chemical processesand their

rate constants incorporated into the code are those suggested by Bortner (196A).

These rates are a combination of laboratory, insitu, theoretical, and estimated

values. Although individual ,rate constants may certainly be subject to argument,

they appear to be a reasonable collection and about the only suitable source to use

in a program of this magnitude. The values used for the rate constants are generally

the middle values within the range of uncertainty (Bortner, 1965). Deviations are

made from this general rule in certain instances as in the case of the positive ion-

charge transfer and charged rearrangement processes (Ferguson, Fehsenfeld,

Goldan, and Schmeltokopf, 1965). Certain other rate constants were modified

within the estimated, error bounds (Bortner, 1965). These modifications represent

minor adjustments that were found to produc:e results appearirg to be more reason-

able when compared with ionospheric measurements.

Some of the reactions in the followinglistproduced products for which thbre

are no differential equations in the set. In order to insure that these reactions do

not remove from th& system any of the cha'rge for which account cannot be made,

their rate constants are set to zero. This is equivalent to assuming that the reactions

are relatively unimportant. There are also several reactions in the list that are

probably unimportant in most iofiospheric -studies; but, since-it is generally impos-
sible to predetermine the importance of a given reaction and since it is the author's

purpose to keep the code as general as possible, all reactions are retained in the

code.

The following is the basic list of reactions and rate constants built into the

code. The dimensions are sec - 1, cm 3 sec - 1, and cm 6see 1 respectively for one,

two, and three body reactions. The third body M is assumed to be N2 + 02 h
The temperatures used in computing, the- rate constants are taken from c heU. S.

Standard Atmosphere (1962). Those reactions marked with an asterisk have N

assumed rate constants other than those shown in some of the applications pre- -4

sented here.

A. PHOTODETACHMENT

1. -0 + hv--0 2 + e 0.44

2. 0- + hv--0 + e 1.4

3. No; + hv-"-NO2 + e 0.04

*4. 03 + hw---0 3 + e 0.04

3 3
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B. COLLISIONAL DETACHMENT

5. O + 02 -- 0 + 02 + e 9X lbi5r2e- (51 0 0 /T)

6. 2; +_ 22 -16, 9- (10T6. 0; + N2  2 + N e 3.6 X10" Te - 0 0 T)
7.0 2  + O -O 2  + 0 + c 3.6X10"16T2 - (5100'T)

C. ASSOCIATIVE DETACHIMENT

8. 0" + 0 0 2  + e 1X'10-
+1 -13-.(4700/T)-9. 0- +,i.- 0 0 + e, I 1C,

10. O + N ---- NO + e 1X*10- 3

11. O- + N2 - -N 2 0 + e iX I0- 13

12. 0- + NO--NO 2 + e JlX lo-13

13. 0- + 03- -- 2  + 02 + e lX 13

14. O + N--NO 2 + e lX 10- 1 3

15. 0 2 + 0 -- 3 + e X l0-13

*167. 03 + 0 -0 + 02 + e I Xl0-13

168. NO- + 0-09- + NO + e lX 10- 13

D. RADIATIVE ATTACHMENT
16. 0 + e --- + hv i.31X10 "1 5

-1516. 02 + e - -O + hp 1.X1 0

17 _02 + e -- NO 2 + hiv IX 10 17 -

-17

+ e 0 3 + hv iX 10

E. DISSOCIATIVE ATTACHMENT

20. 03 + e- -O + 02 x10- 1 1

21. 03 + e -- 0 + 0 1x0-1 1 e-(7200/T)

3 [2
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F. THREE-BODY ATTACHMENT

22. 0 + + 0 2  0- + 02 iX Jo- 3 1  f

23. 0 + e + N2 --2 O + N2  iX 10" 31

24. 02 + c + 02 0 2 + 02 1.4 x-1073T1/2

25. 02 + e + N 2 -- O + -2 5.8X 10- 3 3T 1/ 2

26. 02 + e + 0 - - + 0 1.9 x10 3 3 T 10 2

27. NO2 + e + 0 2 - N O - + 02 6X 10 7 2 8

28. NO 2 + e + N 2 - - NO 2  + N2  4 X10 2 9

29. NO + e + M-- NO- + M 0

G. DISSOCIATIVE RECOMBINATION

30. 2 + e ---- O + 0 6 X10 -5 T "- 1

31. 2 + e - N + N 9X10- 5 T " I

*32. NO+ + e - N + 0 1.5X10- 4T-1

H. THREE-BODY RECOMBINATION

33. O+  + e + M wO + M 1X10 2 4 T 3 / 2

34. 0 - - e + M - 2 + M I ,I0- 2 2 T - 3 / 2

35. N2+ + e + M---N 2  + M 1X10 2 2 T - 3/2

36. NO + + e + M-- NO + M IX10 2 2 T ' / 2

37. NO + + e + M------N + 0 + M 1 XI0- 2 3T - 3 / 2

I. RADIATIVE RECOMBINATION

38. 0 +  + e -- O + hv 2.2 X10-1 0 T9. 7

39. 02 + e - 2  + hi 1 X10- 1 2

40. , + e N2  + li I X10-12

41. NO ++ e -- NO -t- hv l-X10 - 12

J. ION-ION MUTUAL NEUTRALIZATION

42. 0- + O - O + 0 5XI0- 7T - 1/2.

43. 0 + 0+ 0 + 0 5 X107T - 1 /2

44. NO2 + O - NO 2  + O 5 Y1o7T-1/2,

Pt
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-~~~~45. 0- + O + - XlT /

3I

46,0-+O 32 + O 5 X 1"7T "I1/2

-+

47. - + 0 2 + O + 0 5X 0-7 -1/2

I<

t 47. 02 + 2  . O 2  + 2  5X07r'

8

48. NO2 + 0 2 -'-NO 2  + 02 5X 10"7T1/2

2
47g. o + o . 3  + 02 s x io'7 'r " 1/2

50, :0- + N142 0 + N2 5 X.10"7T/2

51. 0 + N2 0 2 + N2 5,X-10- 7 ,'- 1 / 2

52. NO; + N" NO- + N ,  5X10"T 1 / 2

53. 03 + N -2 -- N2  + 03 5XT10 - /2

54. 0- + NO +  + NO 5 X10"T- /2

55. O _ + NO +  - 0O + NO 5X 10r'7T - /2

56. NO;2 + NO+ 2NO +- No 0~ i~r

57. 0 3  + NO + 
-- O 3  + NO 5X10-7T - 1/2

K. TIrIEE-BODY TON-ION RECOMBINATION

58. 0 + O+ + N----O 2  + N 1 X 10-23T - 3/2

59, 0 + O + +2 + 02 Ix 10 -23T-3/2

IN 60. 0- + 0+ + N.--0O 2  + N2  1 X I0-23T3/2

61. 0- + O + + 0-0 + 0 1 X10 2 3T3/2

62.: O + e + M- 0- 3  + M I1xio23T - 3/2

'63. 0- + O+ M -O + M 1-23T - 3/2
- 3

64. O + + MO 20 - 02+ M1X102T - /2
65. 0 " + N 2 + M --- N0 + M 1 X10- 23 T - 3 / 2

66. O0-+ N2 + N2 + M lX10- 2 3 T - 3 / 2

67. O + NO + M- NO 2 + M X10" 2 3 T " 3 / 2

68. 0 + NO++ M--O 2  + NO + M-1 X 10- 2 3T "3/2

2 2-
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L. ION-ION NEUTRALIZATION'WITH REARRANGEMENT

69. O, + N2  NO + NO IX'0 1 1

70. 02 + N 2  .. N2 0 + 0 1X10 13

71. 0 2 + N NO 2  + N IrX 10 - 1 3  -

72 . 0 + N2  - 2N +20 0

73. NO- + 2 -. N + NO IX 10 - 1 3

74. 0 3  + N 2  N -N 2 0 + 02 IX10 13

75. 0- + NO + - NO2  + 0 IXl0 - 1 1

76, O + NO + - N + 03 iX 10 1 1

77. O + NO + 
- -- N + 2 1Xi0

78. NO 2 + NO + - NO 3  + N 0

79. NO- + NO+ -- NO + 0 2 +N 1 X10- 13

80. NO- + NO - 03 + N2  1 X10 - 13e - ( 5 0 00/T)

81. O + NO 0 + 0 2 + N 1XI0

82. 03 + NO +  ,. 02 + NO 2  x 10 -13

M. POSITIVE CHARGE TRANSFER
+ 1

83. O+  + 02 0 + O2  4X10 -1 1

84. O+  + NO 0r 0 + NO +  2.4X0- 1 1

85. 0 + NO 2 - O + NO2  0

86. O+  + N2 0 - O + N2
O  0

87. 0 2, + NO 9-92 + NO +  8 X10 10

88. N2  + 0 N2  + + 1X10- 1 2

89. N2  + 02 - N2  + 0+ IX10- 1 0
+ +I

90. 2  + N - N +N 0

"91. N + NO N2  + NO +  5X10- 12

2f
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N. NEGATrIVE CHARGE TRANSFER

92. o- + NO -----w_ 0 + NO2 10 - 9

93. -0 + 03 + 0 + O 1XO

94. 0 2 + 0 02 + O_ Ix10 12

95.. + NO2  " O 2 + NO-9 o -

1.. o + + 03 ------ + 1o×0- 9

97. NO- + 03 NO2  + O XI0 -

98. O + ' .3 + NO- I x 10- 9

0. ION-NEUTRAL ASSOCIATION-TWO BODY99. o+  , 0 + 1v 1xi0-1 6

100. O + N - NO +  + h, 1xI1o 8

101. O + N2  'N20+ + hv 0
102. o +  + NO - NO2 + hV 0
103. 02 + 0 - O3 + )V 0
104. N2  + N2 - + hv 0
405. NO+ +0 - - NOt + hb 0

2
106. O + 02 - 3-O + hv IX i0 15

P. ION-NEUTRAL ASSOCIATION-THREE BODY

107. 0 +- 0 + M -0 2  + M 1X10-29
108. 0 + N + M- -- - NO + M 1Xl0 -2 9

109. + N 2 +m N0+ + M 0

110.- 0+  + NO + M----NOc + M 0

+1. + MI.O 2 + 0 + M~i-----o.03 + M 0

112. NO + + 0 + IM--NO+ + m 0
20113. NO+ + N + M- -!-- N20t + M 0

114. C + + M,_----NO2 + M I X 10 - 3 0

115. O2 + N4+ M+'--NO2 + M 1 -103 0

2 Cx 10
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Q. CHARGED REARRANGEMENT-POSITIVE ION

116. 0' + N2 - NO +  + N 3XI0 1 2

117. + NO 0 02 + N 3X10 - 12  (

+ +12 (20 00/T )

118. 02 + N - O + NO 3 X 1 0 _2e

119. c 2  + N2 - NO+  + NO IX107 1 e - (3000/T)

120. 2 + N NO+  + 0 1.8 X 10- 1 0

121. 0 + NO 2  NO+ + 0 1 X16I I

122. N2  + 0 - NO+ + 'q 2.5X10- 1 0

123. N2  + 02 NO+  + NO 1 X10 - l l e - (3500/T)

R. CHARGED REARRANGEMENT-NEGATIVE ION

124. 0- + 02 O2+ O3 + 02 1X10- 2 8 T - I

125. 02 + 02 + N2 -- " NO2 + NO 2  IX10 e(000/T)

126. 03 + N2  -..- NO 2  + NO lXiO-17e "(40 ° /T)

S. TWO-BODY ATOM RECOMBINATION

127. 0 + 0 ------ 0-O2 + hvi 1 X10 -

128. 0 + 0 2 3  + h IX 10 - 2 1

129. -O + N -rn-NO + hv 2X10- 17

130. 0 + N2  N2 0 + hp 1X10- 2 4

131. 0 + NO ---- NO 2  + hv .6.4 X 0 1 7

132. N + N - N2  + hv IX10- 2 4

133. N + 02 O.--NO2  + h' 1 X10- 2 2

134. N + NO --- N 2 0 + hp 1 X10 - 2 2

* 135. 0 + O + 02-.02 + 02 5X10- 32T-1/ 2

* 136. 0 + 0 + 0,- 0 2  + 0 2X10-31T1/2

* 137. 0 + 0 + N 2 ---- O 2  + N2  5X10-32T1/2

138. 0 + 02 + 02 --- " 03 + 02 3.2 X 1- 3 .5 i900/T)

* 139; 0 + 0,2, + N2 - -0 3  + N2  2 .6 X1035e+(900/T)

140. 0 + .02 . O--O 3  + 0 6.5X10 3 4

23 3
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141. N + 0 + M ------ NO + M 2U:0 - 31Tl/' 2

142. 0 + N2 + M--N 2 0 + M 2X10
-3 3e (200 00 /T )

143. 0 + NO + 02- NO + 0 -33 +(900/)
2 2 ~2 31

144. 0 + NO + N---N02  + N2 ,4. 5 X10-33e+(900/T)

145. N + N + MIv --- N2  + Mv 3X10- 30 T
"-I

146. N + o + M--- NO 2  + M 1X10
-3 3C (3000 /T )

147. N + NO + M--N 2 0 + M iX 10 33e - (10
0 00/T)

U. NEU4TRAL REARRANGEMENT

148. NO + 02 + NO -NO 2  + NO 2  0

O19. 0 + N2 NO + N 1. 1 X10-1e

150. 0 + NO 2  + N 7.1I-1T'5e

151. 0 + N0 2 -- NO + 2  3 X10-1e
-

152. O + N 20 -NO + NO 2 Xl010e
-( 140 00/T )

153.~~~ O 2 O 2  5X011e
- ( 13 5 0 0 / T ) '

153. N + N0 __ 2 + I O2 5 5X 10"0e-(2800 /T )

156. N + NO - N------N2  + 0 2.5X10 - I

157.N +N 2  
1N

2  + 2 2 X1 
-( 0 0/ T )

158. N + NO 2 -- a NO + NO 4 X10- 1 2

156. N + NO 2  
N2 + 0 2 X10

160' NO + 03 -__-- O + 02 8 Xl0-13e
-(1200/T)

V. PHIOTODISSOCIATION161. 02 + hO - 0 + 0 5X10 -6

162. NO + hi - " N +0O 6X10 -

163. NO 2 + h ---- NO + O 3 X10- 3

164. N20 + hv - N 2  + 0 4.08'X0 7

165. N 20 + hv - N + NO 5.58X10- 8

166. 0- + hp --- O + 02 5.3_X10"
3

3

L )
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I. APPIICATIO OF IlE COIDE TO 111E IIEIONIZA'ION 1IIILEM

The code, as described in Section 7. 1, was used, to geneo, ate solutions to the
differential equations under many different conditions. Four examples of a simple

application wer . selected and the results obtained are presented here. Two of

these describe the buildup of ionization fL-m zero concentrations of the charged

species with a continuing constant source at altitudes in the Dcand E region, The
remaining two describe the decay of L:,.iization at these same altitudes from high

initial values of electrons and positive ions with a small continuing source. The

altitudes chosen are 70 km and 110 km.

Some changes were made in the basic list of rate constants given in Secfion 3.
Fui~guson, et al. (1965)-have determined that the rate of the charge transfer re-

action N2 + NO--NO+ + N2 is much faster than previously thought. Their
value of -5X 1010. is used for this process instead of 5X 1012. For reasons

that are discussed in Section 5. 3, the NO+ dissociative recombination rate con-

stant was changed to 6 X O5 T - 1 to make it equal to the 0 2 dissociative recom-

bination rate constant. The rate constants for fthe three-body recombination reac-

tions Nos. 135, 136, and 137 were changed to . 7 X 10 3 3 and t rate constants

for reactions Nos. 138,and 139 were changed to 3.'7X,10- 3 4 e 1 5 1 . Since these five

reactions are important processes for the removal of atomic oxygen, adjustment

of their rate constants was necessary in order to obtain a reasonable behavior of

the-atomic-oxygen concentration in the D region. In the examples presented here,
the-associative detachment reaction 03. + 0 ----mO 2 + 02 + e is impo2tantfor the

establishment of the negative ion to electron-ratio in the D region. With-all-other

important -rate constants remaining unchanged, the rate constant for this process
was increased to 5 X 10-11 in order to obtain a ratio of unity at 70 km. All other

rate constants used in runs to-be discussed in this sectioit are as given in the above

list.

Figure 1 shows the solution at 70 km with zero' initial concentrations of a.ll the
changed species and with estimated initial concentrations of the minor neutral

species. The continuing-source creates 1. 122 ion-pairo/cm3 /sec. The production
subroutine- was set up to ionize the neutral species as if itte source were U'V radiation.

Therefore, O2 is the most abundantly produced positive ion. For this demonstra-

tion of the funct'-ming of the computer code, it is immaterial that the assumed pro-

duction was unrealistic because in the D region La and co ic rays are actually

the ionizing agents.

The atomic oxygdn'concentration remains constant fintil 10'2-secs when-the

photodissociation of -and 03 becomes effective in producing this atom . The

tim e constant for its removal by the three-body recombination reaction

TI
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3K
0 + 0 2 +M-----0 3 + M is about 3 X 103 secs. After this time, the formation

T rate iy photodissociation and the removal rate by-recombintion become equal,

causing the atomic oxygen concentration to go into-equilibrium.

The ozone concentration-cannot change until enough of these molecules are

formed by the three-bodyrecombinationreaction 0 + 02 + M 03 + M

t start increasing the number present. They are removed by photodissociation

with a time constant of about 100 sees. After this time, the recombination rate

equals the photodissociation rate causing the ozone concentiation-to level off at a

value established by the equilibrium concentration of atomic oxygen. -'

The time constants for the removal of N20 are all Greater than 10f secs.

However, by 104 secs, thetwo-body atbia. -ecormbination reaction 0 + N 2Z-N 2 0 + hv

has formed a sufficient number of these molecule§:tb start increasing its concen-

tration. Its density increases by this process and continues to do so until the re-

moval-processes become effective alter 105 sees.

'The time constant for the removal of~nitric oxide by-the three-body recombination

reaction 0 + NO + M-'-NO2 + M is about 10' sees. -Before any NO molecules can

be removed, however, their production by the neutral rea-rangement reaction

0 + NO.----N02 + becomes effective.. Around i0 4 se- the rates,-of these two

;procesaes become equal which is the reason for there-beig %o change in the NO

concentration. The atomic nitrogen concentration remains constant until- about

100 sees, the time constant for the removal process N + O---NQ,+ hy, when its

concentration starts to decrease. When the rate of this removh. reaction becomes

equal to the rate of formation-of atomic nitrogemby the photodissociation of N2 0,

-the N efic'&ntlration goes into quasi-equilibrium with N 20.

There is no effective removal process for NO2 molecules at early times.

The time constant for their removal-by the neutral rearrangement reaction

O + NO 2 "---NO + 02 la-abo_,t- 2 secsTry. 10 sees, however, their rate of produc-

lion by the three-body recombination 0 + NO + M_-V0 2 + M is sufficient-to

balance their removal rate thus preventing any further change in their concentration.

The electron density increases with unit,'slope at early tiffies as electrons are

-formed by the -onstant source. By 0. 1 scc, 'd. 1122 electrons are produced. During

thistime, the 02 conceitration increases Wkith slope 2 as this ion is formed by the

three-body attachment reaction 02 + e + O2---.O2 + 02 . The time constant for

the removal of electrons by this three-body attachment is about 0. 8 sec- It was

expected that 02 photodetachmenit become effective around-this time, causing a

balance between the attachment and detachment and:putting'the 02 density into

quasi-equilibrium with the electron dcnsity. This quasi-equilibrium effect is clearly

seen in Iigure 7 of Keneshea (1963). The time constant for photodetachment is

about 2-secs, however, so that the production of 02 by attachment continues,

causing the electron density to-decrease. Another important removal process for

-J
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ions is the charge transfer reaction 09 '- 0 0 + 02 Because-of the in-

increasing 03 density after l,0- sccs, it is not possible to fix a definite time con-

Itant-to this reaction. The final equilibrium between 'I % electrons and the 02 ions

i5 determined by the ozone equilibrium concentration. rhis behavior can be under-

stood if the 02 to electron ratio is determined from equilibrium,considerations.

The O differential equation at equilibrium is essentially

dN(0) 12dt _N(O)[ (O3 ) k + kj] + N(02)2 N(e) k O ,'l0 Ca

Prom Eq. (4), the-ratio of 0; to electrons is

2

N( ) N(0 9.) • 924

N(e) N(O-3) • 96 + k1  (5)

It is.obvious that this ratio depends only onthe ozone concentration. After 100 sees,

the electron concentration returns to a linear increase resulting from ihe production

by the source and goes into equilibrium when the rate of production by the source

equals the rate of removal by dissociative recombination with NN +).

The o" concentration increases at early times with a slope of 2 as this ion

is formed by the dissociative attachment reaction 03 + e- -_O + 02 . The time

constant for the associative detachment reaction 0 + N2-2-N20 + c is about

6-X 10 -3sees around which time removal of this ion becomes effective. As the

concentration of 0; increases, the charge transfer reaction 0 2 + 0-0 + 02
eventually becomes effective in forming 0 ions. Around 1 see, the density of

this ion-goes into quasi-equilibrium with the electrons and 0; as the rate-of

formation by the dissociative attachment and the charge transfer equals the removal

rate of -the associative detachment. Because of its quasi-equilibrium status, the

0 concentration,'ontinues to increase after 1 sec. Around 100 sees, the concen-

trations of ozone and 0- have reached values that make the removal of this ion

by the charge transfer reaction 0" + 0--03 + 0 become important. Thefinal

equilibrium level of 0 and its ratio to the electron- density are determined by the

equilibrium value-of ozone.

At early times, the 03 concentration increases with a slope of 3 being formed

by the charge transfer reaction 0 2 + 05-- 3 + 0 2 . Before the 0 density

changes, the time constant for the removal of this ion by the associative detachment

reaction 03 + 0--202 + e is about 2 secs. As the concentration of atomic-oxygen

increases, this time constant becomes smaller. When both atomic oxygen and ozone

reach equilibrium values, the 0 3 concentration goes into equilibrium at a ratio -to

the 0 density that is established by the atomic oxygen and the ozone concentrations.

L
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The NO 2 concentration increases at early times with a slope of 3 since it is

formed by the charge transfer reaction 02 + NO2-NO2 + 0 2 . As long as the

ozone concentration is constant, the time constant for the removal of this ion by

the charge transfer reaction NO- + 0 03o-NO + 0' is about 2 sees. This is the

same time that the ozone concentration starts to increase, causing the rate of the

charge transfer to 0 3 to become much larger than the rate of the charge transfer

to NO; . This causes the NO; concentration to decay. This decay continues

until the ozone concentration reaches a constant value, causing the NO 2 density

to go into equilibrium at a fixed ratio to the 0 2 density.

The concentrations of both 0 + and N.+ increase linearly at early times as

these ions are formed by the constant source. The time constant for .'ie removal

of 0 + ions by the charge transfer reaction 0+ + O + +0 is about 3X10 5secs

while the time constant for the removal of N ions by the charge transfer reaction

+ N9 is about 1 X,10 sees. Around these times, therefore, the

charge transfer rates become equal to the rates of-production of these ions by the

source and their concentrations go into equilibrium. All 0+ and N2 ions pro-

duced by the source after this time immediately transfer their-charge to form 0+
ions.

The 0+ concentration increases.at early times because of the production by

the constant source and the transfer of charge from the N2 ions as the latter are

formed by the constant source. The charged rearrangement reaction+ -

09 + N2-I-NO + NO has a time constant of about 50secs. After this time, the

O goes into equilibrium at a-value that is-determined by the balance between the

source function and the charged rearrangement -reaction.

The NO' concentration builds up with a slope of 2 at very early times- througi

its formation by ,e charged rearrangement reaction 0+ + N--No+ + N. When

0 + goes into equiiibrium, the slope of the NO + profile changes to 1. By 0. 1 sec,

enough 09 ions are-formed to make the charge transfer piocess 02 + NO -No +

become more important in the formation of NO+ ions, causing the slope to change++

backAo 2. When 0)+ goes into equilibrium, the NO + concentration reverts to unit

slope increase. The time constant for dissociative recombination is about 10 sees

after which-time the production rate of NO + by charge transfer from 0 2 equals

the removal rate, causing- the NO+ concentration to go into equilibrium.

Figure 2 shows-the solution at- 110 km vith zero initial concentrations of -the

ionized -species and estimated initial concentrations-of the minor neutral species.

There is a continuing constant-source producing -ion-pairs at the -rate of

2 X:103 /cin3 /sec.

J-.
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The time constants of the processes that remove atomic oxygen are greater

than 105 sees. The increase in the density of'this atom at late times results from

the photodissociation of 02 ' The time constants of the processes that remove N,

NO, and N2O are all greater than 105 sees. The atomic'nitrogen concentratior

increases at late times because the dissociative recombination of NO+ has started

to form a sufficient number of these atoms to start increasing their concentration.

The associative detachment reaction 0 + N2 20 + e has formed about

i 6 N20 molecules in 10 5 sees which accounts for the slight increase in their con-

centration at very late times. The increase in the NO density at late times results

from the increasing N and -0 concentrations in the two body atom recombination

reaction N-+ O--NO + hi.

The ozone concentration remains constant until about 100 sees when 03 starts

to be removed by photodissociation. The time constant for the two-body atom

recombination reaction 0 +O-r- -O 3 + h- is about 600 sees. After this~time,

the ozone concentration-goes into equilibrium which is established by the atomic-

oxygen concentration. The increasein 03 at late times is caused by the increasing

oxygen supply for the two-body atom recombination reaction. The-time- constant

for the neutral rearrangement reaction 0 + NOi-.-NO + 02 is about I sec. After

this time, the NO 2 concentration decays until the rate of removal isreduced to the

rate of formation by the two-body atom recombination reaction 0-+ NO -- NO 2 + hi

when the NO.2 concentration remains at the equilibriim value established by these

reactions.

The electron concentration increases at early times with unit slope as they are

formed by the constant source. By 1 see, 2 X 103 electrons are formed. The time

constant for the 0 2 dissociative recombination is about 50 sees around which-time

the rate of production by the source-and the rate of removal by dissociative recom-

bination become equal-and the electron concentrationgoes into equilibrium. The

most important formation-process for 0 ions is the-radiative attachment rraction

0 + e--O + hv. The 0 concentration increases with-a slope of 2 as this ion is

formed by this -process. The time constant for 0 photodetachment is about 0. 75

see when their removal starts to become effective ant they assume a constant ratio

to the electrons. The iicrease in the 0 concentration at late times reflects the

dependence of the equilibrium value of this ion on the atomic-oxygen concentration.

At early times, the 0 2 concentration increases with a slope of 2,as it is
formed by the three-body attachment reaction 0.2 + e + M--O 2 + MV . There are

two important removal processes for this ion both with time constants of about 2

sees. These are the photodetachmerit and the charge transfer reaction
0 2 + 0O--! - + 0 2 , Around this time 0 2 goes -into, quasi-quilibrium, ith-the

_ - - . " :i - : I
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electrons and assumes a fixed ratio to them. At very late-times, the increasing

atomic-oxygen concentration increases-the rate of removal of 0 2 by the charge

transfer, causing the 02 concentration to decrease and thereby change the ratio

established between 0 and the electrons.

The 0 3 ions are formed primarily by the two-body ion-neutral association

reaction 0- + O2-O 3 + hv . The 0 3 density increases with a slope of 3 at

early times as they are formed by this process. The time constant for the associa-

tive detachment reaction 03 + O-- + e + 02 is about 0. 1 sec after which time

it becomes effective in removing 03 ions and causes their concentration to remain

at a-constant ratio to the electrons. This ratio is- no longer constant after 104 sees

because the rate of the associative detachment reaction increases with the increas-

ing atomic-oxygen concentration.

The NO 2 concentration increases with a slope of 3 at early times as it is

formed by the charge transfer reaction 0 + NO 2 -- NO 2 + 0 . Changes in slope

are dictated by the 0 and NO 2 curves. The time constant for NO; photo-

detachment isabout 25 sees after which time quasi-equilibrium with 0 is

established.A.
The 0' and-- concentrations iacrease wit h unit slope at early times through

their for,ttd-vby the constant -source. The time-constant for the charge transfer

reaction O+ + O 2 + 0 is about-0. 07 sac. After this time, the removal of

O+ ions becomes effective and quickly equalizes the- production by the source forcing

the -O concentration-into equilibrium. Removal of N2 ions starts around 0. 02

sec which is the time constant for their removal by the charged rearrangement

reaction N+ + 0 --- NO+ + N. The equilibrium value of N+ is the result of the

balance achieved-between the source and the charged rearrangement. The decay
of N2 after 104 secs is simply the result of the increasing rateof the charged

rearrangement reaction resulting from the increasing atomic-oxygen-concentration.

Any further production of O+ and N+ ions by the source after they have gone into

equilibrium is immediately transfeired into 0 2 ions.

The 0 2 concentration increases with unit slope until about 50 sees when dis-

sociative-recombination starts to remove-them. By 100,secs, the 0 2 concentra-

tion reaches an equilibrium determined by the source and the dissociative recom-

bination. At late times, the charged rearrangement reaction 0+ + N-NO + 0+ 2 + 4
becomes important to the equilibrium of 0 2 . 'The decrease in 0 2 after -0 sees

is causedby the increased rate of this reaction as the density of atomic nitrogen

increases. The major source of NO+ -ions -at early times is the-charged rearrange-

ment- reaction N2+ O-NO + N . The NO concentration increases -with a

slope of 2 until N2 goes into equilibrium at which-time-the slope-of the NO+ pro-

file changes to-unity. -Around 50 sees, -the charged rearrangement reaction

I-
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0 2 + N--aNO+ + 0 becomes the important formation process for NO+ ions. This

is also the time that the dissociative recombination becomes effective in removing

these ions. The equilibrium value of NO is detcrmined.by the balance between

the charged rearrangement reaction and the dissociative recombination. The in-

crease in the NO concentration at late times results from the increasedproduc-

tion by the charged rearrangement reaction as the atomic-nitrogen density increases.

Figure 3 shows the solution at 70 km assuming high initial concentrations, such

as during a nuclear blackout, for the electrons, 0+, O2,+ and N + , zero concen-

trations of the other charged species and estimated initial concentrations for the

minor-neutral species. A small continuing source of0. 1 ion-pairs/cm 3/sec is

uped. The time constant for dissociative recombination is very short -(about 0. 2

sec) because of the high initial concentrations of electrons and 0 2 ions. The

electrons remain constant until this time and they start to decay by dissociative

recombination with 02 and three-body attachment to 0 2

The 02 concentration increases linearly from early times by the three-body

attachment reaction 02 + e + O2--, O 2 2 This increase continues until about

I sec which is the time constant for 02 photodetachment. The chargc:Efansfer

reactions 02 + O-O + 02 and 02 + O3-"O3 +02 also become effective in

removing 0 after 1 sec. By 50 secs, the 02 concentration has gone into quasi-

equilibrium with the electrons, 0 , and 0 3 . The behavior of the negative ions

after they have gone into quasi-equilibrium can-be understood by looking at their

equilibrium equations. The differential equation for 0 2 in equilibrium can-be

written as

dk96]dN(O2) - N(O) [k + N(O) k9 4 + N(O3 )k

dt2 1e94k3 9d

+ N (0) .N(e) -

Solving Eq. (6), for the ratio N(O;)/N(e) gives

2
N(0; N * k2

N2(02) "24 (7)

N(e) (k I +N(O ) ' k9 4 +N( O3 ) k9 6 )

As long as the 0 and 03 concentrations are increasing, this ratio becomes

smaller and smaller assuming-a constant value only when 0 and 03 go into

equilibrium.

V ;
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The 0 concentration increases with unit slope at early times as this ion-is-

formed by the associative detachment reaction 03 +e--0 + 02 * The formation
of 0 ions by the charge transfer reaction 02 + 0- 0 + 02 becomes~effective

around 10 3 secs. The time constant for removal of 0 ions by the associative

detachment reaction 0 + N 2-N 2 0 + e is about 10, 2 sees. This reaction starts
to consume this ion after this time and by 1 sec the 0" concentration goes into
quasi-equilibrium with the electrons, 0 2 , 0, and C)3 . The differential equation

for 0 at equilibrium is

-~ _N(07). [NW2  k1 + N(0 3  k~3  + N(0 3  N(e) -dt 2=1 3 9 ]32

+ N(O 2 ) -N(O) "k2 4 = 0 . (8)

Solving Eq. (8)-for the ratio N(O-)/N(c) gives

N(O )

N( 3 ) k2 0  N( N() I94N(e) N(N 2) •k k11 + 'N(O 3) k 93 (9)

The ratio N(O-)/N(e) is not a simple one but it is obvious that it depends only upon
the 0 and 03 concentrations and becomes constant only when 0 and 03 go into

equilibrium.

The 03 concentration increases with a slope of 2 at the beginning as this ion

is formed by the charge transfer reaction 0 2 + Or--03 + 02 . The time con-

stant for the associative detachment reaction 0 + 0-202 +,e is about 1 sec.
Shortly after this time, the detachment rate becomes equal-to the charge transfer
rate, causing the 0 3 concentration to go into -quasi-equilibrium with the electrons,

0, and 03 . The differential equation for 03 at equilibrium can be written as

dN(O3)

dt 3 N(O 3) N( O ) -k 1 6 7 + N(O2)' N(O 3) .k96 0 . (10)

Solving Eq. -(10) foe the ratio N(O3)/N(e) gives

N(O 3 ) N(0 3 ) k96 "N2 (02) (241)
N(e) - N(0) " k 1 6 7 '1K1 + N(O) • k94 N(0 3 ) • 961

This ratio depends only upon the concentration of 0 and 03 and becomes con-

stant when 0 i, id 03 go into equilibrium.

I
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The NO- ions are formed at~early times by the three-body attachment re-

action NO 2 + e + 0 2-- NO2 + 0.2 . By 10 =3 sees, there are enough 0; ions

around to make'the charge transfer reaction 02 + NO + 02 more important

in forming NO; ions accounting for the change of slope to 2. The time constant

for the charge transfer reaction No2 + O3--NO2 + 03 is about 3 sees. Shortly

after this time the NO 2 concentration -goes into quasi-equilibrium with 0; 3 ,

and 03 . The differential equation for NO; at equilibrium is

dN(NO12) N(NO) N(O3 ) . k97 + N(O 3) N(NO02) k9 8

+ N(O 2 ) . N(N O ') . k9 5  0 . (12),

Solving Eq. (12) for the ratio N(NO2)/N(O 2 ) gives

+NNNO)

N(NO) NO) "(NO) - k9 8 + N( 9

N(O 2) N(O 3 ) k 7 (13)

From Eq. (13) it is obvious that the ratio N(NO2)/N(O;) is solely a function of

NO2 , 0, and 03 and thatthis ratio becomes constant only when NO 2 , 0 arid

03 go into equilibrium.

The 0+ and N2 concentrations decay at early times-by-charge transfer to

02 . The concentrations of both'of these ions continuesto decay until the rate of

removal is reduced to the small rate-of production by the source function and they

-go into e4ilibrium. The 09 concentration increases at very early times as these
2 +

ions are formed by charge transfer from N, . This increase stops when the N,
is effectively consumed. The time constant for O,, dissociative recombination is

about 0. 2 sec around which time these ions start to be removed. The mutual

neutralization reaction O-+ 02-'-02 + 09 and the charge transfer reaction

02 +NO-NO 4 0.2 both have time constants of about 2 sees when they become

effective in removing the 02 ions. These processes continue to remove 02

* until its concentration goes into equilibrium when the rates of removal equal the

small rate of production by the constant source.

NO + ions are formed at early times by-the charge -transfer reaction

N2+NO-.NO+ +N2 , When the supply of N2 is-used up, NO is formed at about

equal rates by'the charge transfer reaction 0 2 + NO -NO + 02 and the, charged

rearrangement reaction _O + N + NO . The time constant for NO+ dis-

sociative recombination is about- 0. 1-sec around -which -time- removal-of NO + becomes-

effective. At about 3-secs removal-and production-of NO+ become equal. The pro-

duction of NO+ becomes constant around 200 secs when 0 2 goes-into- equilibrium.

p2
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After this time the NO+ concentration decays by dissociative recombination along

with the electron concentration until the removal rate by recombination equals the

production rate from O2 and the NO + concentration,goes into equilibrium.

The atomic nitrogen concentration increases at early times as a productof the

charged rearrangement reaction N2 + O-NO + + N . When N2 has decayed-away

this production of N atoms stops. By 10 -2 sees, enough N atoms are formed as

.a product-of-the NO+ dissociative recombination to start increasing the N con-

centration. The neutral rearrangement reaction N + NO-N 2 + 0 -has a time --

constarit-of about 103 sees. Around this time, the production of N atoms by dis-

sociative recombination has slowed down because of the decaying NO+ concentra-

tion allowing these atomsto be consumed by the neutral rearrangement. At very

late times, NO+ dissociative recombination ceases to be the important formation

mechanism-for N atoms because of the relatively low NO+ concentration. The

important formation process for N atoms -becomes the photodissociation of N20

which has formed-about 5X 10 4 atoms in 104 sees. The atomic nitrogen- concen-

tration after 104 sees, therefore, is determined by the neutral rearrangemient and

the photodissociation.

The time constant for the removal of NO 2 by-the neutral rearrangement re-

action 0 + N.7-NO + 02 is about 5 sees. The NO 2 concentration remains

constant up to about 0. 1 sec by which time the three-body atom recombination-

reaction 0 + NO + M--NO2 + M has formed about 102 of these molecules. This

is sufficient for the NO 2 concentration to show an increase. SBy 10 sees, the

neutral rearrangement balances the three-body atom recombination forcing the

NO 9 concentration into equilibrium. The fact that 0 is involved both in the pro-

duction and removal processes makes NO 2 independent of 0 .

Thebehavior of N20 , 03 A and atomic oxygen are essentially the same as

shown in Figure 1.

Figure 4 shows the-behavior at 110 km of initial high ionization and a very small

continuing source. Initially there are 108 electrons/cm 3 with equal positive ioniza.-+ ,+I
tion partitioned among 0 + , 0 2 , and N2 according to'the relative amounts of the

corresponding neutral species present. The negative ions and NO+ have zero

initial concentrations while the minor neutral species start out at-estimated initial

-concentratiuns. Fur convenience, a small constant source of 0. 1 ion-pairs/cm 3/sec

is used.
+

The time constant for 0., and- NO+ dissociative recombination is about 0.23

sec because of the high ion and electron concentrations. The electron -density

remains constant until about 0. 25 see, therefore, and-decays--by the simple re-

combination lau after-this time. Around 104 sees, the rate of removal of electrons

by reconbination ceuals -the iate of -formation by the -small- continuing source,causing
+the-.cieLtron co~ncentration to go int equilibrium. The 09 concentration remains

I
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constant at early times with a slight increase aroung 10 - 2 sees because of the in-

creased production rate of the charge transfer reaction N, +0--0 2 + N2 .

Around 0.25 sec, dissociative recombinatior bccomes-effective in removing this

ion,causing it to go into a recombination-typedecay. By 50 sees, however, the

time constant for 0 2 dissociative recombinationhas become rather long because

of the much lower electron concentration at this~time. The ime-constant for the

charged rearrangement reaction 0+ + N --!NO+ 4- 0 is abu-t 50 sees. Arouid

this time, therefore, the removal of 0 2 is accomplished by the charged rearrange-
+ cnment which has become faster than the dissociative recombination. Tile 2con-

centration goes into equilibrium when the rate of removal by charged rearrangement

equals the rate of formation by-the small constant source. The NO + concentration.

increases withiunit slope at the start of the solution as this ion is formed by tihe

charged rearrangement reaction N + O-NO " + N. This increase continues until P

alout 0. 25 sec which is the time constant for NO+ dissociative recombination.

After this time, the NO+ conceitration decays by the simple- recombination law.

Around 10 sees, the production of NO by the charged rearrangement reaction
+ + +

09 + N---NO + 0 becomes effective. When the 0 2 density is sufficiently re-

duced, the charged reari'angement reaction becomes ineffectual and tie NO + decay

returns to the recombination law.

The time constant for the removal of 0+ ions by the charge transfer reaction

0+ + Q-;)'a-OO+ + 0 is about 0. 07 see around which time the 0+ concentration-

starts-to decay. This removal continues until about I see when the charged rear-

rangement reaction 09 + N-O + + NO becomes effective in forming this ion and

around 7 sees the 0+ concentration goes int, quasi-equilibrium. The differential

equation for 0 at'equilibrium can be written as

dt -N(d) IN(02) 'k8 3 + N(N 2 .k116 + N(0) N(N) k 1 8 +q 0

(14)

Solving Eq. (14) -for N(O+ ) gives

q+ NO) .N(N) • kl 8 15

N(O 2 ) k8 3 + N(N 2 ) . k 1 6

From this result it is obvious that the variation in-the 0+ concentration must fol-

low the variation in the 0 2 concentration. This is the reason for the linear -de-

crease around 10 sees. When the rate of the charged rearrangement
+ + N-0 + NO becomes smaller than the production rate of the continuing

source, the density becomes constant.

. ._ -
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The time constant for tile removal of N2 by the charged rearrangement re-

action N, + 0 -NO + N and the charge transfer reaction N 2+0a 2 2 + N)

is about 0. 02 sec. The N2 concent-'ation decays alter this time until the rate of

removal equals the rate of formation by the contnuing source and the N+ concen-2
tration goes into equilibrium.

The 0 concentration inc ases with unit slope at the beginning of the solution

as thision is formed by the ra- ktive attachment reaction 0 + e -O + hi, . The

time constant for photidetachmnzit from 0- is about 0.75 sec around which time

the detachment rate exceeds the attachment rate,causing the 0 concentration to

decay. The density of 0 does not go into quasi-equilibrium with the electrons

until about 70 sees. After this time, the 0 density assumes a constant ratio to

,the electron density., The 0 2 concentration also increases with unit slope at early

times-as this ion-is formed by the three-body attachment reaction 02 + e + M---O 2 + M.

Around 1 see, the time constant for photodetachment from 02 and the charge trans-

fer-reaction 0 2 + O-- -O+ 0 2 , the removal rate exceeds the forma'ion rate,

causing 0; to decay. Around 100 sees the 0 2 concentration goes into quasi-

equilibrium with thu electrons and after this time it varies at a fixed-ratio to the

electron concentration.

The 03 concentration increases with a slope of 2 at tLe start because of the

formation of this ion by the ion-neutral association reaction - +02-,-O + hv

The associative detachment reaction 0 + 0 -20 2 + e has a time constant of about

0.1 sec after which it exceeds the rate of attachment, causing the 0 3 to decay.

The 0 3 goes into quasi-equilibrium around 5 sees and assumes a fixed ratio to

the electron concentration. The NO- ions are formed-at early times by the three- -
2

body attachment react- -n NO. + e + M--- NO + M . The NO- concentration in-

creases with unit slope, therefore, before 10 sees. As the 0 concentration

increases, the NO; production process changes tothe charge' -transfer reaction

0- :- NO2-'NO2 + 0 andthe slope of the NO 2 profile changes to 2. Around 1 see,

the rate of photodetachment~exceeds the rate of the charge transfer, causing th.!

NO; to decay. The associative detachment reaction NO 2 + O-O2 + NO + c also

becomes effective in removing this ion around 50 sees, the time constant for this

reaction. After 10 sees, the production falls off-inearly as 0 decays while the

.phctodetachment and associative detachment are removing this ion very rapidly,

causing the sharp decrease between 10 and 100 sees. This removal continues until

the rate of the charge transfer reaction again becomes equal to the rate of photo-

detachment and associative detachment-and the NO; concentration remains fixed

at a constant ratio to the 0 - ,concentration. The slight increase after 104 sees

reflects the quasi-equilibrium dependence of this ion on the atomic oxygen

concentration.

%
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The atomic nitrogen starts to increase around 10-4 sees because of the pro-

duction of this atom by NO dissociative recombination. When 4he ionization starts

to decay, this production stops, causing the atvmic-nitrogen concentration to become

constant again. The decay aftt -104 secs is caused by the increasing oxygen concen-

trationin the recombination reaction N + O--NO + hv . 'rhe behavior of the other

minor neutral, species is the same as given in the description of Figure 2.

5. TIlE DIURNAl. VALUATION OF TII. A'I'IMOSPHIEIIIIC CONSTITuENTS

The basic code, as-presented in Section 6. 1, is ideally suited to such phenomena

as the short-time effects on the atmosphere resulting from the detonation of nuclear

weapons. The major source of thedata ohi ionospheric parameters, however,, is to

be found in experimental studies of the natural ionosphere. These include gi'ound-

based probing technicues, measurements made in aircraft,and insitu measurements

made with rockets, These experimental measurements cover most of the basic

ionospheric characteristics of importance. In order to utilize these data for

reaction-rate studies, for which this code is basically written, additions to:the:

code are necessary so that it can solve the diurnal variation problem.

For this application it is required that the production of ionization by solar

radiations-be known as a function of the solar zenith angle. The code must also be

capable of computing the local solar time for the location at which -the computations

are being made. The changes required in the deionization code for the computation

of the diurnal variation of the atmospheric species are discussed in Section 7. 2.

-5.1 l Te Phltoionization Source Function:

In order to compute the diurnal variation of the atmospheric constituents, the

production of ionization by direct and scattered solar radiation as well as that pro-

duced by cosmic rays is required.

Let 4)0 (AX) be the photon flux incident- on the top of the atmosphere and

bz (AX) be the-photon flux arriving-at some height z in the wavelength region
AX . Then -

Z = 00 )e- (A ) (16)

where r (AXA) is the optical depth for energies in the wavelength -region AX . If

only atomic and molecular oxygeazand molecular nitrogen are considered to be ab-

sorbers of this radiation, then the optical depth can be written as
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T r(+x) T(AX)+ 2 (A) + TN2 (AX) (17)

The optical depth for each of the constituents is deiined as

TO(AXh) 0 O(A-)- JN(0) .dl (18)

'02 (AX )  O2 J N(O2) .dl

z

and
00

TN(AX) = N 2(AX ) fN(N 2 ) •dl (20)

where a 0 (AX) -, O 2 (AX), and drN (AX) are the absorption cross sections'for

-22
atomic oxygen, molecular oxygen, and molecular nitrogen respectively and the

9

integrals represent the total number of the atoms or molecules-in a cm- column

extending from z to-infinity along the path 1.

For. computing the photoionization -rates only those wavelengths capable of pro-

ducing ionization, have-to be considered. The first ionization potential of 0 2 is at

1026. 5A, while the first ionization potential of 0 and N2 are at shorter wave-

lengths. In considering photoionization, therefore, it is necessary to take into

account only energy fluxes at wavelength below 1026. 5A.

The primary electron production rate at altitude z resulting from-the ioniza-

tion of 0 , 02 , and N 2 in the wavelength region 1-1027A can be writtei-as

(22)

where the ar(Ax) are the ionization cross sections for the variousconstituents.

-- ~ _ - __ ___ J
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In addition to this, there are the-el ectrons produced by the, ionization of nitric

oxide by La at 1215. 7A. The electron production rate resulting from this

mechanism-can be written as

a (0 2) -f N(0 2 ) -dl

= N(NO) 7 '(NO) . Lc) e Z (23)

since L. is absorbed by -0 2 . For L.I the ionization cross section, .'(NO)

according to Watanabe (1954), is 2X 10 8cm2 andzthe absorption cross section

for molecular oxygen, (O 2 ) , according to Lee (1955) and Ditchburn, Bradley,

'Cannon, and Munday (1954), is 8. 5 X10 2 1 cm 2 . A daytime flux of 3'ergs/cm2 /sdc

for La is assumed for the numerical computations in this paper.

The production rfte of -electrohs by energies in the I-10A region is given by

3 00

3 d l(i) N i

qx(e) N E X NK(2)e z (24)
i-1 X

where K(X) is the ionization coefficent per molecule per sec at 2, 4, and 6A.

The production rate of electrons by cosmic rays used in this work is simply

qc0 .(e) = 1.0 X-10-16Nz (25)

where N z is the total particle concentration at altitude

The total daytime production rate of electrons is

q(e) -- quv(e) +-q, (e) + qcR(e) +-qx(e) (26)

During-the night, in addition to the cosmic-ray flux, there is also some La

and L flux-scattered -in from -the sunlit atmosphere. For the-purpose of this

work it was-assumed that one percent of the- noontime La 'flux and- 0. 1--percent,

of the noontime L flux are available -for the production- of ionization during the

night.

f
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The photon fluxes in the 10-1027A region are those reported by Ilinteregger

(1960). The 1-10A X- ray ionization coefficients are taken from Nicolet and Aikin

(1960) assuming slightly disturbed solar conditions. Table 1 shows the photon flux

in each wavelength region and ionization and absorption cross sections-for 0 , 02

and N 2 , as given by H1interegger (1960). For broad spectral ranges, mean values

of the ionization cross section are used. Because of the variation of the cross

sections within a spectral range, especially for N2 , several cross sections -were

used within the range with equal distribution of the total flux within the range over

each of th,. subdivisions. The ionization efficiency factor is I.. Its value is one for

all wavelengths whose energies are-less than 35 ev. For wavelengths with energies
E

greater than 35 ev, q is given by 1 = T5 where E is the energy of the photon in ev.

Table 2 lists the concentrations of 0, 0 2 , and N2 used to compute the column

integrals. The concentrations above 80 km are taken from the COSPAR International

Reference Atmosphere (1965). Concentrations-below 80 km are taken from Keneshea

(1963). A description of the photoionization code is given in Appendix A.

The electron production rate at noontime by the external production function is

shown in Figure 5. Above 90 kin, the ionization is-by ultraviolet and soft X-rays.

Around 90-ki, the ionization is produced almost exclusively by X-rays in the 35A

region while around bO km the production is primarily the result of the ionization of

NO by La . By 60 km, the production results solely from cosmic-ray ionization.

Figure 6 shows the electron-ion production rates at noontime by the external

source function. Above 90 kin, the 0, ion is-the most abundant ion produced. At

70-and 80 kin, the production of NO i ons by L. predominates.

5.2 ''ie Siomilli fi~. Sunrise-Stinset Funution

Because of the rapid changes in the concentrations of sonm of the atmospheric

constituents during sunrise and sunset, more realistic results are obtained with the

code if-the sun is considered to be an extended source rather than a point source.

It istnecessary, therefore, to consider the geometry of a moving disc obscured by

a-plane. Because the viewing angle of the earth is much larger than the viewing

angle of-the sun to an observer in the -ionosphere, the earth's horizon is considered

to be fiat.

In order to handle this problem correctly, it is necessary to take into account

the absorption of the specific wavelengths responsible for the photodetachmentof

each negative ic,n and -the -photodissociation of each neutral- species. Unfortunately,

the spectral dependence of these processes for all-the negative ions and neutral

constituents is not known. For -the purposes of this paper, therefore, the full

daylight coefficients for-photod.-tachment and photo-dissociation- are simply -modified

by the percentage of the total visible light- transmitted as the sun rises or sets.

1.
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Table 2. Concentrations of Neutral- Species

Altitude (kin) N(0)ICC N(0 2 )/CC N(N 2 )/CC

0 0 5.34XI0 18  1.99X10 19

10 1.00XI0 5  1.80X10 1 8  6.7-IX10 18

20 1.50X10 8  3.OOX10 17  1.40X1018

30 1.20X10 1 0  7.00XI0 16  3.15XI0 17

40 2.40XI0 1 0  1.70XI016 7.60X10 1 6

50 3.50X101 0  5.OOX1o15 1.80X10 1 6

60 4.80XI0 1 0  1.50XI0 1 5  5.70Xl0 1 5

70 6.40X11 00  7. 53X10 1 4  1.60XI0 1 5

80 8. 50X 10 I0  7.95XI01 3  2.96X10 14

90 1.25XI 11  1.33X1013  4.97X103

100 5.00XI01 1  1.99XI0 1 2  8.18XI0 1 2

110 2.00X10 1 1 I 3.49X10 1 1  1.62XI0 12

120 7.60XI0 I 0  7.46X10 4.01XI0 I

130 3.67X10I 0  2.34X10 0  1. 40XI01 1

140 2.16X10 10  9.79X10 9  6.36X10 10

10 9 10
150 1.42X10 10  4.78X10 9  3.34X10

160 9.84XI0 9  2.56XI0 9  1.91XI0 I 0

170 7.15X10 9  1.47X10 9  1.16X10 1 0

180 5.36XO 9  8.83X10 8  7.37X10 9

190 4.12X109 5.52X10 8  4.85XI0-

200 3.23X10 9  3.57X10 8  3.29X10 9

210 2.58X10 9  2.37X10 8  2.29X10 9

220 2.09X10 9  1.61X10 8  1.62X10 9

230 1.71X109  1.11XIO8  14,7XlO 9

240 1.41X10 9  7.75X10 7  8.51X10 8

250 1.18X10 9  5.49XI0 7  6.28X10 8

260 9.8X10 8  3.92X10 7  4.67XI0 8

270 8.33X10 8  2.82X107  3.50XI08

280 7.06XlO8  2.05X10 7  2.64X10 8

290 6.O0X1O 8  1.50X10 7  2.00XIO8

300 5.12X10 8  1.10X10 7  1.52X10 8

310 4.3VX108  8.23X10 6  1.17XIO8

320 3.70X10 8  5.80X10 6  8.67X10 7

8 6 7
330- 3.22X108 4, 50X106 6.90OWN

340 2.74X' 08 3.20X106 5.14X107

.. 7..
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Table 2 (Continued)

Altitude (kin) N(0)/CC N( 2 ICC N2 /CC

350 2.39XI08  2.,9XlO6  4.1 IX10 7

360 2.04XI08  1. 78X) 06 3.08X1O 7

370 I. 78XI 0 1. 39X10 6  2.46XI07

380 1.52X 108  L;OOXlO6  1. 85X10 7

390 1. 33X1081 7.82Xl05  1. 49X107

400 1. !4X1O 8  5.65X10 5  1. 13XIO7

410 1. 0OX108  4.43XI05  9.04XO10 6

420 8.59XI07  3.20X1O 5  6.83XI0 6

430 7. 53X10 7  2.52XI0 5  5.51XIO6

.756
440 6.49XI0 1.83X 05  4.19X106

450 5.70X10 1.44XI05  3.38X10
756

460 4.91X107 1. 05XIO5  2.58X10 6

470 4.32XI0 8.30XIO4  2.09X1O
74

480 3.73X10 6,-06XI0 4  1. 59X106

490 3.28X! 07 4.74X10 4  1. 29X10 6

500 2.83X!07 3.51XIO4  9.86Xi0 5

510 2.50X107  2.72X104  8.0OX105

The area of a sector of the circle in Figure 7 subtended by the angle 0 is

2. From Figure 7

COS r - 27)

Since

cos 2u = 2 cos 2 u-I (28)

then
,,~ 2

CosO -2 -1 (29)

or j

... . . = __ -VT.-- -- = -
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r r

Vigure 7. Sunrise-Sunset Geometry-

: o "1 r \2 1

- S [2 (30)

-The area of the two triangles in Figure 7 is

J (r-x) r sin(-) (31)

which can be written as

(r-x) [ 1-cos-O 
(32)

- The shaded area-of the-sector is

A- = r20 -(r -x)r Il-Cos .I2 (33)

Let-r equal one solar radius, then

0 (1 x)[ I cos 0]11 2  (34),2 2

where

cos 0- 2(1-x)2 -1 (35)

- __ 
_, F
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The transmissvity factor, ij, can bewritten as

A - - "  
(36)2

fr

which for r=1 -becomes

- 1 A_ (37)
IT

or

o '1-cos 01 1/2
2 -(38)

5.3 D~iurmd Vatriationi Results

In computing tile diurnal variation some changes in the basic list-of reaction

rates are necessai-y in. order to obtain solutions that are generally consistent with

-vailable experimental evident;& An attempt was made to achieve-the NO+IO-

daytime ratios observed by Narcisi (1966). There is, of course, no unique way to

obtain these ratios in the preseit system. In the E region they can be achieved by

varying the rate constant for the cnarged rearrangement reaction 02 + N--NO + 0.

They can also be arrived at by using a different concentration of atomic nitrogen for

this reacti.n. This ratio is also sensitive to the ratio of the rate constants for
NO + and 02 dissociative recombination. Because of theIrecentmeasurements

by Furguson-et al. (1965) of the rate constant for'the charged rearrangement re-

action and because of the lack of experimental measurements-of the concentration

of atomic nitrogen, the first two choices were rejected. In-order to establish

ratios consistent with those of Narcisi (1966), the rate constant for NO+ dis-

sociative recombination is made equal to that for 02 dissociative recombination.
In addition to the other rate constant adjustments discussed in Section 4, the [

rate constants for four more reactions-are changed for the diurnal variation runs.

The associative detachment reaction 03 + 0--o--202 + e is an important reaction

in the electron kinetics in the D region. Allowing this detachment to take place

produces profiles at night that are contrary to experimental observations. An

example of this behavior is presented in Section 6. The rate constant for this

reaction and the similar reaction for NO 2 + 0 -- + NO + e were therefor,-

set to zero. Problems then arose'in trying to obtain a negative ion-to-electron

ratio of unity at 70 km. To accomplish this the rate coefficient for 03 photo-

detachment is changed to 1.4 and the rate constant for the charge transfer reaction

02+ O3---O +02 is changed.to 7.77 X 10- . With these rate constant changes,

reasonable negative ion-to-,lectron ratios are obtained at noontime in the D-region.

J
______ ______ "_____ I.
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Because the energy available in the llerzberg continum was not considered in

this work andbecause all of the energy in the Schumann continum is absorbed a' ove

100 kin, no photodissociation of 0 2 is allowed below 110 kin. The incorporation

02 photodissociation into the code is discussed in Section 7.2.1. 1. When viewing

the atomic oxygen, profiles, this fact should be kept in-mind.

Before discussing the actual diurnal variations of the various atmospheric

species in the D and E ionospheric regions, it might be worthwhile to study tile

kinetics of the reactions respo,.sible for the noontime profiles of the more important

ionic and neutral constituents.

3. 1 TIlE NOONTIME KINETICS 'I

The diurnal variations were computed in height intervals of 10 km and at

noontime a snapshot was taken of the rates at which the individual reactions were

proceeding. From this output the reactions contributing predominantly to the

kinetics of each species were extracted. The height profiles of the rates atwhich

these reactions were proceeding are shown in Figures 8 through 16 for the major

speci es.

The-electron kinetics are shown in Figure 8. Above 90 km, the electron con-

centration results from the equilibrium established betweer the electrons produced

by the external source and those lost by-dissociative recombi.iation With 0 2 and-

NO' . Below 80 kin, the picture is entirely different. Here the electron concen-

tration is determined b,' the equilibrium established between-the production of

electrons by- photodetaci: -ent from negative ions and the three-body attachment of

the electrons to 0, . The altitudes between 80 and 90 km are transition altitudes

where the electron concentration results equally from the external source and the

photodetachment proauctions and the dissociative recombination and three-body

attachment removals,

Figure 9. shows thekinetics of 0. Above 90 km. this ion is produced solely

by the radiative attachment of electrons to atomic oxygen. Above 110 km the only

removal procesa for these ions is the photodetachment, while below 100 km the

associative detachment 0 + N 2-- N 20 + e becomes the only -removal mechanism.

'rle" is some controversy as to whether this reaction isendothermic or exothermic.

Bortner (1965) discuesed this problem-and accepted the thermochemical data that

makes this process exothermic. B-low 90-km the 0 ions are produced by the

charge transfer between 0; and -atomic oxyger, and by the dissociative attachment

reaction 03 + e--O + 0.

From Figure 10 it is obvious- that the formation of 02 ions over the entire

-altitude range is by the three-body attachment of electrons to 0.2 . Above 80 km

they are removed-by photodetachmenr and by the charge transfer between 0, am.

atomic oxygen. Below 80 km the predominant removal process becomes the ci- rge

transferbetween 0 2 and ozone.

_ _ _ _ _ ----- ;
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+

The kinetics of the 02 ions are shown in Figure 11. Above 80 km these ions

are removed almost entirely by dissociative reconibination. In the E region they

are formed primarily by photoionization. Below 90 km the charge transfer-process

N +O2--- O2 + N2 and the external source contribute about equally to the production
+

of this ion. Below 80 km 02 -becomes:a miinor ion since it is produced by cosmic-

ray ionization and from N2 by charge transfer while the latter ions are being

formed in small numbers by cosmic-ray ionization. The O2 ions react to form

NO+ ions-below 80 km by charged rearrangement with: N2 and charge transfer

with NO.

Figure 12 shows the processes responsible for the noontime kinetics of NO .

The only removal process that is important at all altitudes is the dissociative re-
+ + +ncombination. Above 85 km NO+ is formed primarily from a2 n by- charged

rearrangement with atomic oxygen and atomic nitrogen respectively. Of lesser im-

portance are the O2 charged rearrangement with N2 , the charge transfer between

0 and NO and the-charged rearrangement between Ot and- N2 . Between 70

and-80-km this ion is formed almost exclusively by the ionization of NO by La

The kinetics of nitric oxide are shown in Figure 13. The neutral rearrangement

reaction- N+ NO--N 2 + 0 is-an important-removal process -for-this molecule-at

-all altitudes. The two-body atom recombination N -0--NO + hv is -important

-in forming this molecule- above 90- km. Below- this- altitude it becomes unimportant

I[ii-i
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because of the relatively small amounts of atomic nitrogen available. The abundance

of 0 + ions in the H region makes the charge transfer to NO also important above

90 kin. Below 80 km these molecules are formed hy the neutral rearragnement

process 0 + NO---NO + 0, and by the photcdissociation of N2 0 . They are re-

moved by the three-body atom recombination 0 + NO 4 M--NO2 + M and by the

atom recombination 0 + NO--NO. + hi,. The minimum in the rate of the process

N,+ 02-4_"NO + 0 between 80 and 90 km is produced by the temperature dependence

of the rate constant for this process which is a minimum in this region.

The kinetics of atomic nitrogen, as shown in Figure 14, are infLuenced mainly by

charged species reactions above 90 km and by neutral reactions below this altitude.

In the E layer it is produced primarily by the dissociative -recombination of NO +

and by the charged rearrangement between N-+ and atomic oxygen. Its major re-

moval process is the charged rearrangement with 02 . Also contributing to its

removal are its neutral rearrangement with NO and its-recombination with atomic

oxygen, In the D region this atom is formed by the photodissociation of N2 0 and

of NO . It is removed by the netural rearrangement reactions N + NO - N 2 + 0

and N+0L---NO+O.

Figure 15 shows the kinetics for ozone at noontime. The primary removal

mechanism for this molecule is piotodissociation. Also contributing to its removal

isithe neutral rearrangement reaction O + O-202 . The major formation of ozone

is-by the three-body recombination 0 + 02 + M- O 3 + M . Of minor importance

in forming ozone is-the two-body atom recombination 0 + 02----0 3 + hv. The

rates for the three-body recombination processes fall off rapidly with increasing

altitude because of the decreasing molecular-concentrations.

The important reactions for atomic-oxygen are shown in Figure 16. In the D

region the atomic oxygen kinetics are controlled by the same reactions as the ozone

concentration. In the E region the photodissociatioti of molecular oxygen is the major

source of oxygen atoms. There is no effective chemical removal of these atoms

duringthe daytime in the E region.

5.3.2 THE DIURNAL VARIATIONS

The code, as discussed in Section 6.2, was used-to compute tbe-time histories

of the 15-atmospheric species incorporated into the code. Many concentration pro-

files were computed for various geographic locations. From these computations

those made for the coordinates 32. 197"S and 52. 169" W were chosen for presentation

here. This location is in Brazil where sounding rockets were launched during the

eclipse of 12 No% -Anber 1966.

The diurnal variation profiles are generated in the following manner. The code

is-started at local noon-with the concentrations of the charged species initially set

to zero-and the concentrations of the neutral species initially set to best-estimate values.

. . ."e " . . . . . . . . - ? S -_ -. - -Z -" ---- Z Z - ?y T - _ s --
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The code is then run through one diurnal cycle (24 hours). Taking the-concentra-

tions of all-the species at the end of this diurnal cycle as Initial conditions, a solu-

tion is generated over a second diurnal cycle. The profiles computed over this

second diurnal cycle are presented here.

Technically, this procedure should be repeated over as many diurnal cycles as

are required, to achieve equilibrium profiles. r~quilibrium, as defined here, is

achieved when the variation in the concentration of each species reproduces itself

over succeeding diurnal cycles. In the profiles presented, it is apparent that for

some of the species this equilibrium was not achieved in the second cycle and

more diurral cycles should have been computed. Nevertheless, this does not diminish

the-validity of the results as they are discussed.

Figure 17 shows the diurnal variation of the major charged species at 120 km.

Although the variation of all nine charged species in the code were computed, onl7

those species th'at attain concentrations above 10 particles/cm 3 are plotted. The

noontime value of the electron concentration results from the equilibrium established

between the production by photoionizatior. and the dissociative recombination of

O 2 and NO+ . As the solar zenith angle. increases, the-rate of production de-

creases because of the greater attenuation of the solar radiations through the denser

columns in the atmosphere. The production rate is reduced to its nighttime value

about a half hour before the sun starts to set. As fewer electron are produced,

those already made are removed by recombination, causing the concentrations of

the electrons-and tL__: positive ions to decrease. This decay continues until the

production rate is reduced to its constant nighttime value at which time a new
+ +equilibrium is-established for the electrons and the NO ions. The 0 concentration2 +

decays below the NO+ concentration because of the -conversion of O2 ions into NO

ions by the charged rearrangement reaction O + N---VNO - + 0 . The O concen-

tration increases during the night because the rate of removal by the charged re-

arrangement reaction 0 2 + N- O+ + 0 decreases with the decreasing atomic

nitrogen concentration. After the sun rises and the ionizing radiation starts to

penetrate to this altitude, the production of ionization increases, causing the con-

centraiion:to increase until the production rate levels off around noontime and the

daytime equilibrium is established between the production-of ionization and the

dissociative recombination.

Figure 18 shows the diurnal profiles -for the neutral species at 120 km.

Atomic oxygen was not plotted here because its concentration varies only slightly

around 2X101 atoms/cm 3 . During the daytime the concentration of atomic

nitrogen-builds up as it is formed:bythe dissociative recombination NO++e---N 0 Q

and by the charged rearrangement N2 + 0--NO + + N at a faster rate than it is2 ++

removed by the charged rearrangement 0 2 + N--'-NO+ + 0 or the neutral rear-

rangement N + NO - N2 + 0 . During the-night, however, the-formation by the

I,-
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dissociative recombination and the charged rearrangement practically stops. The

only process-really affecting this-atom then is the neutral rearrangement-which

causes its concentration to decay steadily throughout the night. No change is pos-

sible in the N20 concentration because tile time constant for its removal by photo-

dissociation is about 105 secs which is longer than one day. There is no effective

formation or removal process for this molecule at night. The slight diurnal varia-

tion in nitric oxide is caused by the diurnal variation of 0+ in the process
+ 2-

2 + N2"- ' N O  + NO • Ozone is only a trace speciesp 120 km. The slight varia-

tion in its concentration is caused by the variation of its rate of photodissociation

with the solar zenith angle. When the photodissociation stops at sunset its concen-

tration increases by the two-body recombination reaction 0 + 02--03 + hi, until

a new equilibrium-is established bctween this recombination and the netural re-

arrangement reaction 0 + 03- - 0 2 + 2

Figure 19 shows the diurnal variation of the major charged species at 110 km.

The behavior of th. charged species at this altitude is similar to that at 120 km.-

The noontime equilibrium value of the electrons is slightly lower here than at 120 km

-because of the slightly larger recombination rate constants. Since these ratc con-

stants are inversely proportional to the temperature, their values are i%,gner at

110 km than at 120 km because of the decreased temperature. Thafiighttini6 con-

centrations are, a little higher than they are at 120 km because the nighttime pro-

duction function is larger at this altitude.

The only real difference in the neutral species-profiles at ll0ckm, as-shown in

Figure 20,-from those at 120 km is the-ozone profile. Since the rate of the thiee-

body recombination process 0-+ 02 + M-,O 3 + M is increasing with-decreasing

altitude, more ozone molecules are formed at this altitude at night when their

photodissociationhas stopped.

The charged s,)ecies diurnal variations at 100 kin, as shown in Figure 2i, dis-

play-iuch of the same behavior that is seen at the two higher altitudes. The slightly

lower concentrations reflect-the slightly lower photoionization rate. At night, however,

at this altitude 03 starts to become an important negative ion. Because of the in-

crease in the concentration of ozone during the night, the rate of the dissociative

attachment reaction 03 + e-a-O + 02 increases. However, the charge transfer

reaction 0' + O3-a-0 + 0 proceeds so rapidly because of the increased 03

concentration that tie 0 ions created by attachment immediately transfer their

charge to 03 ' causing the electrons to decay slightly as their charge goes ilito

the formation of 03 ions. As soon as the sun starts to rise, however, the elec-

trons are very quickly detached -from tile 03 ions, causing the concentration of-this

ion to decay rapidly with a corresponding increase in the electron concentration.

Figure 22 showp the diurnal variation of the minor neutral species at 100 km.

Their behavior is again similar to that at the higher altitudes. There is, however,

a,
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a greater diurnal variation in ozone. Below 100,,km the major source of ozone,

is the three-body recombination reaction 0 + 02 + M --p03 + M . When photo-

dissociation stops at sunset-the ozone concentration increases because of this re-

combination. The time constant for removal of ozone by the neutral rearrangement
reaction 0 + O3-2O3 is about one hour. After this time, therefore, tieozone-

goes into equilibrium which is established by these two processes.

At 90 km the diurnal rariation of the charged species starts to sr.,)w a oetiavior

different from that at higher altitudes (see Figure 23). The production function no

longer shows the smooth decay representative of the absorption of ultraviolet radia-

tion. Around 90 km during the day, the primary source of ionization is the soft

X-rays with the UV radiation almost completely absorbed above this altitude.

As the solar zenith angle increases, -more and more of these X-rays are absorbed

because ofthe increasing air mass in the column. The La radiation, however,

suffers less absorption in the column as the solar zenith angle increases. A point

is reached, therefore, where the incident X-ray flux becomes less than the incident

La flux. This change overto L.,a production is evidenced by the-bumps'in the pro-

duction curve in Figure 18 around 1800,and 0600 hours. At this altitude during the
4-day 0.) is still the major positive ion and the electrons are stilLlost by recom-

bination. During the night, huwever, the rate of electron removal by recomnbina-,

tion becomes relatively-small because of the low electron density. The process that

starts to become important at this altitude is tht, three-body attachment

0 + C + O2---O + O 2 , During the night, therefore, the electrons are lost-L"b.

attachment to 02 - The 09 ionsthus formed do not stay-around very long be-
cause the rate of the charge transfer reaction -.O + 3--03 + 02 is increasing

os ae f
rapidly with thle increasing ozone concentration. 'As soon as the 0- ions are forin~d
they immediately -transfer their charge to ozone forming 03 ions. The.0 3 ions

increase until an equilibrium is established between the charge transfer and the

mutual neutralization reaction 03 + NO"- 03 + NO . As soon as the sun starts

to rise, the electrons ar -detached from the 0 3 ions and in a few seconds all of

the electrons that were attached during the night are detached. Because the solar

adiation must penetrate very dense air columns just after sunrise, the production

function does not become effective in producing ionization for about anhour after

the sun has come up.- During this period of ti'he, with no cource of ionization

present. the electrons recombine with the positive ions, causing the ionization

to start to decay. When the production function becomes effective in producing

ionization, the electron and positive ion con.centrations start to increase and pro-

ceed to their noontime equilibrium values.

The diurnal variation of the minor neutral species-at 90 km is shown in

F'igure 2,4. The behavior at this altitude is similar to that at 100 km. The ozone

concentration displays~a greater diurnal variation at this altitude because of the

increase in the rate of the three-body recombination.

A_..... ...........
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rht- diurnal variation of the major charged species at 80 km is shown in Figure 25.

Theday-ime ionization picture is now changing considerably. The -major positive ion
during the entire day is NO + . The o-of mag-. " ~2 concentration is about two orders of m g

nitude below the NO+ concentration. The electrons and positive :ons decay during

the afternoon by recombination. The 0 2 density follows th electron-concentration

because ot, quasi-equilibrium established between the three-body attachment and the

photodetachment. The 03 concentration follows the other negative ions because of

the equilibrium between the charge transfer 02 + 03 0 3 + O2 and the photo-
detachment. As soon as the slp starts to set, the electrons become attached-t--A

02 This a'.tachment continues until the-rate of removal is balanced by the rate of

formation by-the source function. At this altitude also the 0; ions formed by

electron attachment are shortlived, transferring their charge to ozone to -form the

0 ions. When the-dissociative recombination of NO- stops at sunset'because of
3 J.

tte decreased electron density, the NO' concentration increases by the nighttime
production function until a quasi-equilibrium-is-established between 0 and NO +

as determined by the nighttime source and the time constant of the mutual neutrali-

zation process 0 + Ne -  03 + NO . The electron concentration decays slowly

throughout the night because of attachment to 0 2 . The resulting 0; ions thus

formed -immediately transfer their charge to ozone to form 0 ions. The-behavior

of the ionization after sunrise is the same as at 90 km except-that three-body

-attachment and negative charge transfer start to bring negaive ions into the picture.

j Figure 26 shows the diurnal variation of the minor neutraLspecies at 80 -km

where again there is the large diurnal variation in ozone. Atomic oxygen is now

j starting to show a diurnal variation also. The atomic-nitrogen behavior is quite

different from what it was at higher altitudes. Ielow 80 km its kinetics are deter-

mined uolely by neutral reactions. ._-,en the sun sets the photodissociation of

N2 0 stops thus-halting the production of N atoms. With no other source of pro-
2

ductiohipresent for these atoms, they decay during the night by the netural rear-

rangement -process N + NO-bN 2 + 0 . After sunrise the concentration of this

atom increasesuntil an equilibrium is established between the photodissociation

of N20 and the neutral rearrangement.

The diurnal variation of the charged species at 70 km is show n Figure 27.

The behavior of the species at this-altitude is controlled by the same process as at

30 km. With the values of the rate constants for the photodetachment from 03(1.4)

and for the clarge transfer reaction 02 + O3---03 +O2 (7.77 X 10 9) used in this

work a negative ion-to-electron ratio-of about unity is obtained at 70 ki. The nega-

tive ion concentrations are-higher here than they are at 80 km because'of the higher

rate of the three-body attachment reaction which, in-turn, results, from the higher

neutral concentration at 70 km.

Figure 28 shows the diurnal variation of the minor neutral species at 70 In!.

At this-altitude, atomic nitrogen becomes a trace species and is therefore not plotted.

_______ _ ___ ____
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The sti 7king feature of Figure 28 is the consilerable- diurnal changedthat takezz

place in the atomic oxygen concentration. Th 3 molecular oxygen and total :on-

centration have become sufficiently 'aigh to make the thre--body recombination

process 02 +0 + M'-' O 3 + M proceed very rzapidly. During the,,night-when

there is no photodissociation of ozone to relenish the atomic oxygen supply, the

three-body recombination-converts practically all of the available oxygen atoms to

ozone. When tile sun comes up, ho\wever, the photodissociation, of- ozone is so

rapid that the oxygen atoms-that recoml,ined duringthe-night- ire restored-in a few

minutes. Tt;; nitric oxide concentration also exhibits a substantial diurnal change

at 70 kin, The neutral rearrangement-reactior 0 + NO2 - ' NO + 02 , the najor

formation process for this molecule- d .ing the day, decreases in, effectivenii-ss as

the atomic oxygen disappears during the iight. Since there is no other effectiVe

formation process for thia- molecule, its concentration-decreases through the

neutral rearrangerient-reaction N + NO -N--N2 + 0
'The nitric oxide concentration returns quickly'to its daytime level when the

-sur rises and-the atomic oxygen is restored. Nitrogen dioxide is an extremeliy

minor species down to 70 km. At this altitude it~exhibits a sufficient diurnal varia-

tion so that by the end of the night it is almost-.equal in concentration to the nitric

oxide. The concentration of this molecule is controlled by its- photodissociation

and the three-body recombination rea:!tion O+ NO + M--NO2 + M . During the

night whenthere is no-photodissociation, the concentrat.on of this molecule in-

creases by'the three -body, atom recombination. When the sun comes up, the

nitrogen dioxide is dissociated very rapidly.

The diurnal variation of the major charged species at 60 km is shown in

Figure 29. Because there~is no,change in the proy uctionfunction throughout the

day and because the time constant for recombinatiun is lor.g, there is little clnge

in the electron-and, V10+ concentratii during the-afternoon. The -diurnal variation

solution at 60-km olould have been run over another diurnal cycle. It is appTrent

that tihe- c , centra-.Vhs at the beginning and at the end of the solution shown L.

Figure 29 donot coincide sufficiently well. Nevertheless, 03 is tile most abuatlant

negative opecies throughout the- entire day. During the night the NO 2 ion, -which

was a-trace ion at all altitudes above 60 km, becomes the second moat abundant

negative species. This ion follows the nitrogen dioxide profile shown-in Figure 30

since it is formed by the charge transfer 03 + NO 2 -,. NO 2 + 03 . When the sun

comes up and the concentration of NO 2 decreases -again, the 'NO2 ions transfer

their charge back-to ozone, NO 2 + O3--.-O 3 + NO2

Figure 30 shows the diurnal variation of the minor neutral species at CO km.

The ozone still undergoes a diurnal variation but the magnitude of the variation is

less at 60 km because there'is less atomic oxygen available to produce it. Within

about an hour after dnset practically-all of the atomic oxygen has recombined;
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The nitrogen dioxide concentration again exhibits a large diurnal variation arriving,

at a concentration almost equal to that of nitric oxide at sunrise. The nitric oxide

undergoes a lesser variation at 60 km than it did at 70 km because the formation

of this molecule stops when the atomic oxygen becomes depleted. Its removal by

the neutral rearrangement reaction N + NO- 2-N + 0 is then-much slower because

of the greatly reduced atomic nitrogen concentration.

5.,3.3 VERTICAL PROFILES OF TIE SPECIES

In order to obtain a-composite picture of the curves discussed in Section 5. 3;2,

the concentrations of the species were plotted as a function of altitude for noontime

and midnight. Figure 31 shows the vertical profile of the charged species at noon-

time. The electrons remain the most abundant negative species down to 70 km.

Below this-altitude O 3 becomes the most abundant negative species. Above 90 km

is the most abundant positive ion. Between 80 and 9r km NO+ replaces 0+

as the most abundant positive ion and remains so at all altitudes below 80 km.

Nowhere are +, N2 . 0 and 02 importhnt ions. In the lower D region O2

becomes important.

The vertical distribution of the neutral species at noontime is shown in Figure 32.

The NO profile remains fairly constant down to 90 km while below this altitude it

increases steadily with decreasing altitude. The ozone profile aIi.ears to have a

maximum around 70 km. Above this altitude it falls off rapidly to a, lery minor

constituent. The N 20 concentration increases with decreasingdaltitude through-

out the entire range. Ato'.ic nitrogen appears to-have a peak in the E region

around 110 km and becomes a very minor species in the D region. The atomic

oxygen profile is that obtained by the chemistry after the second diurnal variation

cycle. In this-time atomic oxygen has not gone into chemical equilbrium in the

Eregion. Several more diurnal cycles would have had to be made to obtain this

equilibrium. The dashed curve is the initial profile assumed for atomic oxygen.

Figure 33 shows-the vertical profile of the charged species at midnight. The

distribution is considerably different from that shown in Figure 31 for noontime.

The electrons remain the most abundant negative species-in the E region. Below

95 kin, however, Q3 is the most abundant negative species. At all altitudes NO+3+

is the predominent positive ion. No other ion is important exceptfor O2 in-the

E region and NO 2 at 60-km.

The height profiles for the neutral species atmidnight are shown in-Figure 34.

There is little change in the profile of atomic oxygen down to 80 km but below this

altitude it suffers a severe diurnal variation. The ozone profile has shifted to

higher concentrations by a little more than an order of magnitude. This reflects

the increased productiot, cf this molecule during the night by the three-bodyatom

recombination reaction. Atomic nitrogen varies little above 90 km but below this

!
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altitude it undergoes considerable diurnal change. The nitric oxide and the nitrogen

peroxide profiles ahow very little change from noontime to midnight. The nitrogen

dioxide concentration-is inuch higher at midnight than at noontime below 80 km, again

showing diurnal variation.

6. OISCUSSION OF THE CODE

6.1 Examwple of flow Expefrinentl Eviience is Usetd to Adjust Hlle Constluts

It would be interesting ,at this point to present one example of a solution using

rate constants for s ,.me reactdions different front those already discussed. This

will demonstrate how the code can.be used to detect discrepancies in the values of

rate constants or difficiencies in the chemistry. Figure 35 shows a-diurnal varia-

tion solution at 70 km using, the same code that-produced Figure 27. The only dif-

ferences between the two runs are the values of two rate constants and the inclusion

of two additional reactions. The two reactions whose rate-constants are changed

are

0-+ h--0 3 + e k4  0.04

0 +0 o0 + 0 k 1X10- 9

These are the rate cons-nnts listed in the basic list-in Section 3 as compared to

1.4 and 7.77X10 respectively, used for the diurnal variation calculations.

The-two additional reactions are

1 0 3 
+ 0-"'02 

+ e + 0 2  k16 =-XIO-I

NO- + 0-0 + NO + e k lX!2 k 1 6 8 1X10 11

The two rate constant changes have the-effect of slowing down both of the re-

actions. 'he rate constants for these. four reactions-are the-same as those used

to compute the deionization profiles in Section 4.

Since fewer 02 ions are losing their charge to ozone, the second largest

negative species if.Figure- 35 is 0 2 whereas in Figure 27 it is 03 . Otherwise

the-behavior o1' thecharged species -during-the day is much the same in both-

Figures 27 and 35. -During-the night, however, -tne behavior is quite different.

The -rapid decay of the electrons -by attachmentto 02 and of the 02 ions -by

charge transfer- to -ozone- as -seen in Figure-27 does-not-take place- in Figure 35,

althcugh-the electrons still attach to 02 to-form 02 In -this -computation the-

2 2-4
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Figure 35. Diurnal Variation of Charged Species at 70 km Using Different,
Reaction Rates

associative detachment reaction 03+ 0--202 + e is the fastest process in the

kinetics, so that the electrons consumed by attachment are- immediately-restored.

Since the associative detachment reaction is the controlling process for the elec-

trons, the electron density is determined solely by the behavior of' O3 and atomic

oxygen. Accordingly, during the night the electron concentration decays slowly

along with the atomic oxygen concentration. In this r-uti the atomic-oxygen:profile fr
is the same as chat shown in Figure 28. Since the .02 densitygoes into quasi-

equilibrium with the electrons shortly after sunset, it decays during the night.at

a constant ratio t, the electron density.
It is obviousThat this nighttime ,behavior is contrary to all experimental

evidence where the electrons do decay rapidly after sunset atzthis altitude. Some

of the conclusions that-can be drawn are the following:

a) The associative detachment reaction 0, + 0--a-202 + e either

does -not take place or it has an extremely small rate constant.

b) There is some chemical reaction missing that is faster than

the associative detachment -or the removal of 0 . and-which

does not produce electrons.

c) Atomic oxygen recombines much more rapidly that it does in :his

3olution-so that the associative detachment reaction becomes in-

effective much sooner- aftcr sunset.
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Bortner (1966) stated that the products of the associative detachment reaction are

most probably not 02 and an electron but 0, and 02 and that the reaction has

a rate constant of about 1.4 X 1 0  . If this is the case the negative ion picture

will certainly be different and the strange behavior of the electrons, as shown in

Figure 35, will be eliminated.

6.2 Ih emei,idi l io,,s

It can-be assumed that tie comp)eta chemical behavior of the atmospheric

constituents is not contained in the long list of reactiens built into the code. Not

only could signiucant chemical processes be missing but also Important cowstituents

may be omitted. For example, it is possible that the NO+ ion is- an-important

,charged species. In work recently presented by Fehsenfeld et al. (1966), they

have indicated that the ions CO- and NO- might be important. Narcisi (1965)

detec.ted the presence in the ionosphere of metallic ions as well as water vapor

and its derivative molecular ions. Therefore, it is evident that the chemical

make-up of the ionosphere has not been completely defined. As new information

becomes available on the-presence of any particular species in the ionosphere, the

code will-have to up-dated to include this species as soon as re,1'1onable chemistry

for its kinetics can be determined. The code-on the other hand is written so that

it can accommodate such additions with almost no effort.

It should be pointed out that more information is-needed on some of the r 'action

rates. For application to the sunrise problem, for instance, it is essential that

work be done to determine the spectral dependence of the photodetachment of the

important negative ions as well as the spectral dependence of the photodissociation

of the important minor neutral molecules. Since the code produces results that

are only as good as our knowledge of the-rate constants of the reactions, laboratory

measurements of the important processes not yet studied must be undertaken.

Another serious deficiency is the almost complete lack of irqitu data on the identi-

fication of the most abundant negative ion in the D region. Until experimentalists

have determined which ion this is it will be difficult to improve the chemistry of

the D region.

As more data become available the code should be able to:produce profiles

that are more in conformity with experimental measurements and thereby increase

its potential as a prediction technique. Meanwhile, the code remains a powerful

tool for investigating complicated ionospheric phenomena that cannot-be adequately

explained by simpler means,

AlLof the-soluticns discussed in this paper were obtained using the code as

described in Section 7. This code was written to conoute only the photochemical

behavior of the atmospheric constituents. It does-notpretend to be able to solve

-the complete dynamical problem. To make the code completely general such

= -- * / 7i7 -
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physical phenomena as diffusion, turbulent mixing, or eddy diffusion and-wind

motions and shears must necessarily be included; It is conceivable that none of

these dynamic forces are of great importance to the behavior of the charged species
incorporated into the present, code because of the short-tUmn constants of the im-

portant chemical reactions. For the neutral species, however, theseti'ansport

mechanisms- can be significant especially if any of these motions have time con-

stants'shorter than the time constants of the important chemical processes. From

the work that Colgrove, Johnson, and Hanson (1966) havedone on the eddy diffusion
of atomic oxygen, it is obviousifhat the problem of mixifig dannot be ignored.

For most applications the transport problems are of minor importantf.a.

Therefore, -it is not intended at-the present time to extend the code imthie- direction.

For certain-minor neutral species it might become necessary to:establish initial

conditions by taking vertical transport into account; However, it is anticipated

that this might be accomplished satisfactorily by a semi-empirical approach,

7. DESCiR|PrIoN OF Tie Coi}

The code consists of a main program and several subroutines all written in

FORTRAN-IV language for an IBM-7044 comiputer. -Application of the code to any

FORTRAN-compatible- computer is easily made. The basic program package con-

sists of the following programs:

a) Main program f): Subroutine INITIAL

b) Subroutine INTEG g) Subroutine PRODUC

c) Subroutine AL.A hi Subroutine BALAN
d) Subroutine SLOP -.). Subroutine -DAUXT

e) Subroutine DAUX

71 l) ,ioaization Codes

Two of the simpler problems -to which the code can be applied are the buildup

of ionization under the influence of a constant or variable source of ionization and

the decay of ionization from soste initial values with or without an external source

of ionization. The results presented in Section 4 were obtained using the code as

described here.

7.1.1 MAIN PROGRAM RATEQ

The-functions of the main program are to fix a standard set of rate constants

in DATA statements to control the input of necessary parameters and the output

of results, to initialize the entire code before starting a-solution, to monitor the

flow of the computations, and to determine the equilibrium status of the species.

tst
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7. ,, 1. 1 The Rate'Constants

In order to avoid reading the rate constants into the computer for every run,

a standard set of rate constants was built into the code. These rate constants

are l'sted-in Section 3. Every rate constant is considered to be of the form

k = A.TB.e -C / T (39)

where A, B, and.C are constants and T is the temperature in degrees Kelvin. The

constants A are set into regions A1(69), A2(69), and A3(30). This split up'is neces-

sary because of the restriction on the number of CONTINUATION cards allowed by

the version of FORTRAN-that is used. The B's and C'sare set into regions B(168)

and C(168) respectively. After the temperature and any required changes in the

raie constants are-read into the computer, the actual rate constants are computed -

from Eq. (39),and put into the CON region.
7,. 1.l.2 Determination of Equilibrium

The decision as to whether a species has reached its equilibrium or quasi-

equilibrium value is made by the main program. For this purpose the-four regions

LOCK (15), KEY(15), CRTNO(15), and CRITN(15) are used. Upon completion of an

integration, -the values

,-CRTNO(J) =N -R i  (40)

and

CRITN(J) at (41)

AN.

are computed. -If the slopes are less than 10 - the criterion for quasi-K ~equilibrium is

.... 1 <DEL (42)

- - xf the-lopes are greater than 10 - 3 the criterion for quasi-equilibrium is
4f
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N R < DEL (43)

Theequilibrium status of eachspecies is determined by using that criterioi. which

-pertains.

If the criterion failsfor any species, the respective LOCK(J) is set to zero.

If the test is satisfied, aone is added to.+he respective LOCK(J). After the criterion
is tested tot all the species, the LOCK(15) are tested to determine if any'have
reachedthr ,e. If a particular LOCK(J)-is-equal to or greater than three, the
respective KEY(J) is set-to two. Following this another test is made to determine
if any species has decayed below the value CHI. If any one has, the respective
KEY(J) is set equal to three. Once a KEY(J) is-set to three it- will remain at that

value for the remainder of th,. solution. The valups in theiKEY region are used
by several of the subroutine s for branching, depending on the status-of the concen-

trations of the:species.
The status of any particular species can be determined at any time by simply

investigating its KEY value. The species j will not be in equilibrium if its KEY
is on one; it will -be in equilibrium if its KEY is on two; its concentration will be
zero or a constant; its equations are-x emoved from-the sets if its KEY is on three;
and, its concentration will be computed from the charge balance equation-

EN_ = FN, (4-4)

if its KEY is on four.

7. 1. 1. 3 Input Parameters-

Those parameters that the code requires, to solve a specific -problem are put
on cards that immediately follow the binary decks for the program. The binary
decks and the BCD data cards are read intothei computer from FORTRAN-tape 5..
The purpose of each data card and the FORMAT in which -it is prepared are as,

follows:

CARD 1 FORMAT12A6)

This card contains up to 70 BCD characters that car
be used for identification at~the discretion of the user.

CARD 2 FORMAT(IP4E12.5)
This card contains four variables:

f
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(1) EUBAR - the criterion for the solution in the

integrating routine. This must be some number

less than 10-2  which is determined only by the

degree of accuracy desired in the integrated values.

(2) ELBAR - the criterion for the solution ofthe ex-

ponential equations. This must be some number

less than 10 which is determined by the amount

of charge Imbalance that canbe tolerated in the
results.

(3) DEL - the criterion for equilibrium. This should

be some number around 10,'2. If it is much larger

than this, a species will be put into quasi-equilibrium

too soon and -the solution of the exponential equations

can fail. If it is much smaller than 10-2 and'a species
is in equilibrium, its-:differential equation may not-be

removed from the set. The set of differential equa-

tions cannot be solved %,ith the current increment if

-he set contains an equation for a species whose con-

Icentration-is in equilibrium or quasi-equilibrium.

In order to solve such a set of equations, the increment

will have-to be reduced considerably at the expense of
j much computer tine.

(4) ENDT - the-time in seconds to which the solution

is to run. This is the time associated with dN/dt and

is -not to-be confused with theruuning tim,of the code

on the computer.

-CARD t FORMAT(14)
This ,card contains the integer NOC -indicating the number

of-rate c:instants that are to be changedfor therun. If

no changes are-necessary, this card must contain a zero.

Following this card are the changes then, delves. If there

are-no changes, CARD 4 is read next. The changes are

punched one per card in FORMAT(I 4,olPE1O. 2, OPF5. 1,

1PE10.2, 7A6). Field 1 is the reaction number as listed

in Section 3, fields 2, 3, and-4 are the A, B, and C in

Eq. (39), field 6 represents -any 42-BCD characters that

the user wihes to insert as comments.
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CARD 4 FORMAT.P12.5)

This card contains five input parameters: '4

(1 ALT - the altitude in centimeters at which the

solution is to be made.
-3(2) D ; the total number density in cm-

(3) D02 - the concenti'ation of molecular oxygen

in cm at the given-altitude.

(4) DN2 - the concentration of molecular- nitrogen

in cm - 3 at the given altitude.

-(5) T - the temperature in degrees Kelvin at the

given altitude.

CARDS 5-7 FORMAT(1P6E12.5)

These cards contain the initial concentrations of the

species in the following order: electrons, 0 ,
-0 -1 + + + +03 2-, 0 '02 2  NO , NO, N , NO 2  03 N2 0

and atomic oxygen. The last value in-this set is the- con-,
3stant production rate in number of ion-pairs/cm /sec.

CARD,8 FORMAT(412)

This card contains the option switches.

-KB1 =0 for logarithmic output.

KBI -I for decimal output.

KB2=0,calls DAUXT to print the history of the reactions.

KB2-1 suppresses the call of DAUXT..

KB3-0 prints this 'history after every integration if

DAUXT is called.

KB3-1 prints'this history only once for each decade of

time if DAUXT is called.

KB4=O-returns control to the system On an error.

KB4-1 program returns to the-input area to-read another

set of data cards when an error occurs.

It is possible to stack as many sets of these data cards as desired becauseihe

program always returns to the input area when it has completed-the computations

for a given set of data.

-. 1. 1.4 Programmed Variables

There are other parameters that can be changed-by reassembly-of the

main-program:

t -

4,

S
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a) CHI - the lowest value to which a species may decay. This test

is ir._.rporated to prevent computer ,,nderflow inthe event that

any species concentration decays below 10-  The'limiting

value used in the programs given here is 10- 10  If a species
should try to decay below this value, its :oncentration is set

to zero and its equations are removed from the sets by setting

its KEY on three.

b) NOCOM - the number of reactions,built into the systern.

c) E.4,E - a preset'lower limit on the elr ,tron density. This test
is included in order to terminate the solution when the electron

density falls below a certain value. This permits the computation.

of densities only over the range of interest. Wher, the electron

concentration decays below this value, control is transferred to

the input area of the code. If no-limit is to be placed on the elec-

tron density, this value must be set to zero.

d) ITER - the maximum number of iterations that will be made in

- attempting to solve the simultaneous exponential equations. If

a solution cannot be found within this number of iterations,

iteration-of the exponential equations will stop and the unsuccess-

ful return from subroutine ALGA will be taken.

e) NUMB - the number of differential equations in the set to be

solved.

7.1.1.5 Output

FORTRAN-tape 6-is the normal system output tape. When the computations
are completed, this tape will contain all of the output information with the exception

of th. history of the reactions. The first thing written,on this tape is -the comment

read into the computer on the first data card. This-card contains any 72 hollorith

characters that the user wishes to insert as identification. Followingthis the

program writes the list of changes that are made in the build-in standardHlist of

reaction-rate constants. The -program then writes-the, altitude at which the dal-

culations are being made, the total number density, and the temperature. After

this is written, the rate onstams for-the reactions with the coefficient A first

and underneath this-the total reaction rate with the proper temperature dependence.

Following this is the time and the computed concentrations for thie time of all the

the-negative and the positive-species.

During the execution of -the program-the time, the- concentrations of the neutral

species computed for this time, the value of the production function, and the setting

of the KEY switches are written on Tape I in binary. Upon completion-of the Folution

- T
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for a particular set of input data, this information is automatically transferred to

Tape 6. Tape 1 is left in a rewound condition.

FORTRAN-tape 4. is used-by subroutine DAUXT'for-writing the history-of the

reactions if such a history is requested. Uponcompletion of twe computations,

this tape mustbe removed for off-line printing.

The following statements, beginning on page 72,are a listing bf the main program.

V.1.2 TIE INTEGRATING SUBROUTING INTEG

This subprogram s called by the main program and performs the numerical

integration of the differential equations. For solving a set of differential equations

dN1dt 1 FItN'21N3 "' m)

dN2 _
dt F2 (tNI, N2 N3 .. Nm)

dN 33 F 3 (tNIlN2 ,N 3 " " Nm)

rd, = m(t"NI, N2,N3 ... Nm)•-dt m 3

The Kutta Merson solution uses the equations

+1- Atmo(to

qjl = N tF(t, N 10 , N2 0 , N30 ...Nmo)

I

" = N. +- ...

+ I- At F(t +1 At, Nil , N2 1 , N 3 ... Nm 1 )

" N . 1 At (t N2N NmO
j3 = NjO 8 30m... O

+ At F (t + L At, N12 , N2 2 , N3 2 . N 2 )

0Ni
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$IBFTC RATEQS LIST RAT EOOOO
C SOLUTION OF THE REACTION RATE EQUATIONS IN THE IONOSPHERE FOR 15 SPERATE0005
C IES AND WITH 168 REACTIONS. RATEG'4'10
C K813!0 FOR LOG OUTPUT. RATE0015
C '(81-: FOR- DECAM4L OUTPUT RATE0020
C '(82-0 PRINTS THE HISTORY OF THE REACTIONS. RATE0025
C '(82*1 REACTION HISTORY NOT'COMPUTED. RATE0030
C KB3=fl PRINTS HISTORY AFTER EACH INTEGRATION. RATE0035
C '(83=1 nAINTS HISTORY ONCE EACH DECADE OF TIME. RATE0040
C '(84-f HALTS ON ERROR. RATE0045
C '(04-1 ,READS ANOTHER POINT CARD AFTER AN ERROR. RATE0050
C IPLOT-fi ND PLOTTER TAPE MADE. RAtrEO05 5
C IPLOTal MAKES A LOG PLOTTER TAPE. RA:(E0060
C UNITS OF INPUT PARAMETERS ARE CGS. RATE0065
C RATE0070

COMMON TREGII5OI,KEYI15IFORM(15),REMVI15I.CON&-16a),LKEYI 1Sh0EGINRATE0075
1(151 RATE0080

COMMON NUiB,EUBAREL8ARDDOZDNZTPNtPNDPOZPOPN2.TOTALJACK,RATEOO8S5
IJAKEJAM I TERLINTI2NfTK2NTJ2NTNZNT, FIRSTPROD,-LAM,1 IMEK83,TOTRATEOO9O
20,tTOTN- RATE0095
COMMON3 VQ(3)iIQf30)vSIGMI30PITEM RATE01CO
DIMENSION DONT(ZOITITLE(12I,TTREG(20)),CRiltNII5),CRTNO(15),A(168),RATEQIQ5
l8t1681.C(168htLOCKI15) ,ALF(7IG11681,Al1691,A2(691,A3(30) RATE0110
DATA Al/ 0.44E*fll,.4OE* OOO.O4E+0OO.)4E+O~o9.flOE-15,3.6OE-16, RATE01 15
13.60)E-1691.O)OE-13,1.OOE-13,1.OOE-1391 .OOE-13,1l.OOE-13,1.OOE-13, RATE0120
21.OQ)E-13,1.OOE-1391.31E-15,1.OOE-1991 .OOE-17,1.QOE-17,1.OOE-11, RATE0125
31. OE-11,l.QQE-31,1.CAOE-31,1.'#OE-31,,5.80E-3391.9OE-33,6.QOE-28 RATEO130
44.flOE-2990.*0QE-QQ,6.COE-05,9.OOE-05,1 .50E-04,1.QflE-24gl.OOE-2Z,- RATE0135
'51.QQE-22dl.OQE-22.1.OQE-2392.20E-L0,1.!OE-1Z.1.00E-12,1.0QE-12, RATE0140
65.QOE-Q7,5.OOE-Q7,5.CIOE-0795.OOE-07,5.OOE-O7.5.OQE-07,5.OQE-O7, RATE0145
75.OOE-07,5.OOE-l7t5.OOE-fl7,5.ODOE-07 ,5.OfE-07,5.OOE-0795.OOE-07, RATE(J150
85.OOE-O7,#5.OOE-07,I.QflE-23,1.COE-23..QQE-23,L.OOE-23, 1.OOE-Z39 RATE0155
91.QflIE-23,1.QfE-23,1.IE-31.ME-2391.OOE-23,1.OOE-23,1.OQE ll/ RATE0160
DATA A2( .1.OQE-13,1.QQE-13,O.OQE-CO,1I.OOE-13,1.OOE-13,1.OOE-11, -RAtEO165-

11.OQE-I11.OE-13Q.('E-O.1.OOE-1391.fl)E-13,1.OOE-13,1.OOE-13t RATE017O
24, OfE-1.*2.40E-l11,O.OOE-OO#.OOE-OO,8.OOE-1Ol .Q0E-IZ, 1.OQE-1O. RATE0175
3(0.OOE-O,5.OOE-1Ztl.OOE-0991.O')E-09,I.QODE-12,1.OOE-09,I.OOE-09,, RATE0180
41.QfE-09,L.OQE-09,1.OOE-16,1.OOE-18.0.OOE-0O,0.OOE-OO.OOE-O0, RATE0185
50OOE-O0,O.QOE-00,1.QOE-15v 1.QOE-29,1 .OOE-Z990.QQE-0Q ,O.OOE-00, RATE0190-
60.flQE-QOQt.C'OE-OO.COE-0091.OOE-30,1.0QE-3,3.OOE-1Z,3.OOE-12, RATEQ195

T1 3.COE-IZ,1.QOE-Il,1.FtOE-10.L.OQE-ll1,2.50E-10,1.OOE-11,1.OOE-S, RATEO200
81.0QE-34,1.ENQE-17t..QE-21,1.OOE-2192.OOE-1i'I,.OOE-24t6.40IE-17. RATE0205

j 91.OOE-24,1.0"E-2Z,1.OOE-ZZ,5.OOE-32,2.OOE-31 ,5.OOE-3Z,3.ZOE-35/ RATE0210
DATA A3/ 2.60E-35t6.50E-34,2.O0E-3l,2.OOE-333.OOE-334.5't-33t RATE0215
13.OOE-30,1.OOE-33.1.OOE-33.O.OOE-0O#1.1OE-1O.7.1OE-17.3.QQE-Il, RATEOZZO
ZZ.QQ(E-1O.5-.O0E-119 5.UiOE-1093.OOE-l6,2.SO0E-11 ,2.OfE-13t4.QDIE-12, RATE0225
32.QQE-11 ,6.OOE-13,3.C'OE-06,6.OOE-08,3.OOE-03,4.08E-lT.5.58E-08, RATE023021 45.34E-03il. OQE-i39L.00E-ILI RATE0235

DATA B14*0.fl3*2.0916*O.O,300.5,3*O.O.'3*-l.0,5*-1.5.-O.7,3*0.(),16*RATEO240
1-0.5,11*-1.5,55*Q).O,-1.0,10*0.0,3*-0.5,3*0.0t-0.593*0.0,-1.Q,4*O.ORATE0245
211.594*fl.O,1.5913*O.O/ RATE0250
DATA C/4*Q.fl3*5.1E3,f.O4.E311*0.O7.2E3,47*O.0,3E3,Z*O.0,1E4,tRATE0Z55
1*0.0,5E3,37*0.O.2E3t3E3,3*O.O,3.5E3 ,O.0.5E3.4E3,11*0.0,2*-9E2, 2*0.RATE0Z60
ZO,2E4.Z*-9E2,O.0,3E3,1E4,0.0,3.75E4,1.9E4,5.3E2,1.4E4,1?-35E4.Z.8E3RATEO265
396'.6E3,O.O,7E3,Z*C.0,1.ZE3,8*0.O/ RATETO

A C RATE0275
C INITIALIZATION OF SYSfEA AND INPUT. RA-TEO28O
C RATEO285-

REWIND-a RATE0290
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REWIND 1 RTE095
REWIND 3 RATE0300
-REWIND 8 RATE0305
CHI-1.OE-10 RATE0310
NOCONR'168 RATE(%315
NUMS-15 -RATE032C
ENOE=0.0 RATEfl325
ITERx3O RATE0330
K06st RAtE0335

5 WRITE(6t4gO1 RATE0340
READ(5,445) (ITITLE(N),*1,1-21 RAtEQ345
WRITE169450) (TITLFENJvNzl,121 RATE0350
READ 15 ,3975) EU8AR.ELBAROELENDT RATE0355
REAO(5,4201 NOC RATE0360O
IF(NOC .EQ. 01 GO TO 30 RATE0365
WRITE(6#490) RATE0370
00 25 JwI,NOC RATE0375
REAO(SS00) I,-G1i),B(,CII,1ALFINN-l.?I RATE0380
fF(1 .G1. 691 GO TO 10 RATE0385
Al (1)x61 Z RATE0390
GO TO 20 RATE0395

10 fFI1 .GT. 1381 GO TO-1 'RATE0400
AZI 1-693 -G() II RATE04O5
GO TO 20 RATE0410-

15 A3(1-138luG(II RATE0415
20 WRITE1600n) I.G(11,BII),C(I),iA-LF(N),N=1,.7) RATEO420C
25 CONTIUUE RATE0425
30 READ(5,3951 ALT*09DO2#UJN2*t RATE0430

REAO(5t3951 (8EGIN1J)#J=1dfS),PROD RATEC435
READI5#4151 KBltKBZK83tK84ttPLOT PA;V440
TIMEzl.OE-6 ~AE45
MOUN 1=0 RA7E0450
KNTxO RAT E0455
JAKEwl RATE0460
JACKxl RATE0465

LAM=6 RATE0470
KLOTx0 RAiEO475
00 35 Jsl*150- RATE0480

A35 TREGJIO0.0' 9ATE0485
LINTx((2*NUM8144) RATE0490
.12NTut(3*NUM81441 RATE0495
K2NT=4(4'NUMIBJ41 RATE0500
J2NT=( (5*NU1481.41 RATE0505
N2NT=( (6*NUMBI44) RATE051O I
00 4n J-1,NUMS RATE0515

TTREG(Jt31*0.0 RATE0520O
LOCKtJ10 RATE0525

40 KEY(J)1t RATED530
CALL'INITAL RATE0535 i

C RATE0540
C COMPUTE RATE CONSTANTS IN THE FORM'KsA*(T**B1*EXP(-C/T) RATE0545
C RAITE055P

K-1 RATE0555
00 45 J-1969 ATE560O
A SKImA&IfJ) I RATF.0565

45 K*K+1, RATC05 70
Do 50 Julth9 RATEC515

A ( . A2 I J RATE05803

5o kK.l RATE0585
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DO 55 J-1030 RATE0590
A(K)xA31 J) RAtEO595

55 KuK+l RAE0600
DO 60 JwlwNOCOM RATE060

60 CON(JI=AIJI*(T**BIJ) 3*EXPI-C(J3)fTI RATE0610
RATE06 15

PREPARC OUTPUT TAPES AND WRITE KATE CONSTANTS AND INITIAL RATE0620
CONDI TIONS. RATE0625

RAT E0630
WRITE1394501 ITITLEII4IHll2l RATE0635
%RITE16@405) ALTtOtT RArEO640,
WRITE(6t480) RATE0645
IS=1 RATE0650
00 65 JxI15 'RATE0655
ITmIS45 RATE0660
WRITE(6,4551 (IA(III,121S,ITl RATE0665
W'2ITE(6t485) (JiC0N(I iI=ISIT)_ RATE0670
15.1546 RATE0675

65 C(4TINUE RATE068O
_:'-TEf6,5'.5) RATE0685
60 70 J1,1I3 RATE0690
IT.sIS+5 RATE0695'
WRITEI6*4551 lIIA(II IISqITJ RATEOTOO
WIITE(6,485)- (I tCGN( I IvIIS#ITI RATE0705
I5-15.6 -RATE0710

70 CONTINUE RATE0715
WRI IE6,410) RATE07Z0
IF(81..fI GO TO 80 RATE0725

75 WRITE(6;5051 r REG(21,('TREGIJ),J=4,IZ),PROO P, .ri07on
,WRITELII TRlE-(Z? (TREGfJhtJ3,18) ,002,DNZIKEY(J~iJ-1,15I RATE0735
MOUNTuIOUNT, I RATEOT40
GO TO 1'35- RATEOT45-

80 ?4uNUMBt3 RATE0750
DO 95 J-ZH RATE0755
DEC-TREG(J) kATEOT6f)
IFIDEC) 360#85,90 RATE0765

85 ONT(J)-.l RATE0770
~1GO TO 95 RATE0775

90 DONT(JI=ALOG110IDEC) RATE0780
95 -CONTINUE RATE0785

Iff002 .EQ. ').0) GO TO- 1-Op- RATE0790
0002=ALOGIO(0)021- -RATE0795

GO TO 105 RATE0800

100 DD02x0.0 RATE0805
105 IF(DNZ .EQ. 0.01 GO TO 110 RATE0810

00NZ-ALOGI,( ONZ)- RATE0815
GO TO 115:, RATE0820

110 OONZ=0.0 RATE0825
115 IF(PROD) 36091209125 RATE0830
120O PRO~zO.0 RAIE0835

GO TO 130 RATE0840
125 OPROD-ALOGIOIPROD) RATE0845
M3,WRITFI69505) D0NT(21.(DONTIJbJ=4,-1Z),DPROD RATEO850

WRITE! 1 OONTI 21 9 MOMT MJ,13,v18) 9ODO? tDDN2,(KEY( J)#Jzlt15)- RATE0855-
MOUNTEMOUNT41 . RAfEQ86Q%

135 DO -140 -Kx1NUMB -RATE0865
-IF(KEYIKI-21 145,140,1.40 RATEO870-

140 CONTINUE RATE0875
CALL ALGA- RATE0880
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TREG(35uZ.00TREGM3 'RitpIEO885
TREG(2)mTREG12)+rREG13I RATE0090

-'GO TO 1150 RATE0895
C RArE0900
C INTEGRATION OF EQUATIONS STARTS HERE. RArE0905
C RATE0910

145 CALL INTEG RATE09J.5
150 CALL BAL4N RATE0002

IFfTREG(3) .NE. 2.PE-6) GO TO 155 RATE0925-
kLCt-KL'OT.1 RATE0930
IF(KLOT *GT. 10) GO TO 160 RAtE0935

155 KLOTxO AATE0940
G0 TO 165 WATE0945

I0PRINT 47) 'RATE0950
-GO ro 365 RAT E0955

C RATE0960
C OUTPUT OF RESULTS STARTS-HERE. RAT1'65
C RATE0970

165 IF(KNT .NE. 50) GO TO 170 RATE0975
WRITE(6#410) RATE0980
KNT-0 RATE0985

170 KNT-KNTtI RATeo990
IF(BI .EQ. 05 GO TO 175 RATYE0995
WRITE(6,5035) TREG(2I1TREG(J1,Jx4,1'21,TOTAL RATE1000
WRITEMI TREC'42t(TREG(JttJO13#183 ,002,DN2tiKEY(JI,'Jzl,151 RATE1005
GO TO 210 RATEIQIC

175 K-NU84+3 RATE1015'
00 190 Jz, RATE1O2C'
DEC-TREG(J) RATE1025
IF(DEC) 360,180,185 RATE1130

\180 DONTJI-0.O AE13
GO-TO -190 kATE104IM

185 G,'NT(J)uALOGIO(DEC) RAT E1045
190 CONTINUE RATE1650

0002xALOGIOID02) RATE1055
DDN2=ALOGI01ON2) RATE1060
IF(TOTAL) 360#1959200 RATE0f65

195 TOTL=0.0) RATE1070
GO TO 205 -RATE1O75

200 TOTL=ALOG1OITOTAL) RtATEI08O
205'WRITE6,505)-DONT(2IuIOONf(JIJ=4u12tTOTL RATEIO -85

WRITEM1 DONTIZI ,(OONTIJIJJ13,18),OOO2;OON2dtKEYJt,J=1,-15 -RATEIO09O
210 MOUNT-MOUNV+l AATEI 095

CALL PLOTIPLOTI RATEI 100
IF(JAKE-2) 215#35Ct355 AATE1105

,15 JACK-2 kAT El110-
KINDa1 RATE 1115
CALL -SLOP(KIND) RAiE112O)
KINO=2 RATE1125
CALL SLOPIKINO)- -RATEI174O
N2=LINT RATEII'35
00 220 1z1,NUMB RATE1140
CRITN(I~sZ.0*ABS(ITREG(N2)-TREGII.31)/TREG(31)- RATE6145
CRTNO( 1) REMV(I) *TREG( 1#3)- RATE1150
N2zN2+ 1 RATE1155

220 CONTINUE RATEI 160
CRTNO( 1O)-CRTNOI 101+PNO RATE1165
CRTNO( 15)UCRTNO( 15).PO -RAVEIL7O
00-250 Ju1,NLM45 -RATE1175
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25IFICRITNIJI-I.OE-3) 225,225,230 RAfElI80

225 IF(ABSIl.0-(FORM(J)/CRTNO(J)))-DEL) 245,245,240 
RATE1I85

230 IFICRTNOIJi) 235,250,235 WE11OO

235 IFI(CRITNIJ)/CRTNOtJ))-DEL) 245,2409Z40 
RATE1I95

240 LOCK(J)-O 
RATEIZOO

GO TO 250 RATE1210

245 tOCK(J)LOCK(J)
+1 RATEL20

RATE1225
250 CONTINUE RATE1220

255 00 275 j'loNUMB
-FIKEYIJ)-3) 260,275,275 RATE1235

260 IF(LOCKI4't-31- 265,270,270
Z6.5 KEYW-l, -

RATE1235

GO TO 215 
RATE1240
RATE1245

270 KEY(J-2 RATEI250

275 CONTinUE RATEI255

00 280"j-I.NUMB, RATE126

IF(KEY(JI '6. 2) GO TO 280 RATEI26Q

IFITREG(J43) .GT. TTREG(J43)) GO TO-280 RATE1265

IF(I'GIJ3) *GT. CHI) GO TO 280 RATE12O
RATEI275KEY(Jlx3 "RATE1280

TREG(J310.0 RATEI285

280028 NUE RATE1290
IF(PE) 0092593 00000-RAT E1295

285 IF((TREGI4)/BEGIN(Il)-I.OE-
3 ) 290t300,300 RATEI300

290 DO 295 Jxl,3 
XATE1300
RATE1305

TREG(J+3)xO.0 RATE131O

295 KEY(J)3 RATE35

300 DO 305 JultNUMB ATE3ZO

305 TTREG(J+3)sTREG(J+3) 
RATEI3Z0

FIKB2 .EQ. ') GO TO 315 RATE35

310-CALL DAUXT RATE1335

C DECISION TO CONTINUE INTEGRATION-OK STOP IS MADE HERE. RATEI34O

C -
-RATE1345

315 IF(TREG(4) *LT. ENDE) GO TO 370 RATE1350

IFITREG(21 .LT. ENOTI GO-TO 320 RATE3S5r(RATE1360

GO TO 370 RATEI36O
C RATE1365

C TEST SYSTEM CLOCK FUR IMMINENT TIMER OVERFLOW. RATEI370
C RATEIU80

320 CALlI- ICK RATE1385

CAL Y__.ET(4.K0O'eFX) RATE1390
GO T !. 5,32519K0OfOFX

325 BIG- AA__ REG(41,TREG(5),TREGI6),TREG71,TREGI
8 1 RA30

00 330- J- , 
RAT O

IF(BIG .EQ. TREG(J+3)) GO TO 335 RATi405

330 CONTINUE 
RATE1410

335 IF(J-LAM) 3409345,340 
RATE1415

340 KEYILAMIl -
RATE1420

JACK-1 
RATEI425

345 LAMJ RATE1435
KEY(LAMI4 - RATEI40

GO TO 135 RATE1445

C RATE1450C ERkOR COMMENT- OUTPUTS. RATEI-455 RTI6

350 WRITEI6,430) TREG(2)- RATEI460

GO TO 365 
RATEL465

355 , TREGI(21 RAT 1470

-_ iH
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GO TO 365 RATE1475
360 IRITE(6,425)- RATE14so

K=NUMB+3 RATE1485-
WRITE(6,440) (TREG(J)#Ju2,KJTOTAL RATE1490

365 IFCKB4 .EQ. 11 GO TO 370 -RATE1495
K86mZ RATE1500

C RATE l,505
C TRANSFE9R ALL RESULTS TO OUTPUT TAPE HERE. RATE1510
C RATE1515

370 REWINDA- RATE1520
END FILE 3 RATE1525
IFIIPLOT .NE; li -60 TO 380 RATE1530
END FILE 0 RATE1535
REWIND 8 RAVE 1540
00 375 K=lvITEM RATE1545
R.EAD(8ISIGM(LJIQ(1I,(SIGM(J).IQ(JIJ=10,171 RATE1550

375 CONTINUE RATE1560
EN&- FILF --0 RATE1565
REI4IN3 RATE1570
f TE4,:fl RATE1575

380 KNTx0 RATE1580
WPITE(6t4751 RATE1585
DO 385 K=1,MOUNT RATE1590
READIII TREGC'2),(-TREG(J),J=L3tl8I.DOODN2(KEY(J)Jx1,-l5 RATE1595
WRITE46s5101 TREGIZI ,(TREG(J,J-3l3,181,OZDN2,(KEY(JIt,.Il.5)- RATE1600
KNT-KNTI 1 RATE1605
IFIKNT *LT. 501' GO TO 385 RATE1610-
WRITE(69-475)- RATE1615
kNTXO R AT E 1 62 .

385 CONTINUE RATE1625
REWIND I RAT E1630
GO TO 45,390)#KB6 RATE 1635

390 REWIND 3 RATE1640
CALL -EXIT RATE1645

C RATE1650
395 FORMAT IIP6EIZ.51 RATE1655
40,1 FORMAT('I&HlSOLUTION OF THE REACTION RATE,,EQUATIONS WITH 15 SPECIESRATE1660

11 AND 168- KEACTIONS. I RATE1665
405 FORMAT(IlHlALTITUE mPE11.4.4H-CM4.,16H TOTAL DENSITY -IPE12.5914HRATE1670

I TEMPERATURE -OPF7.21 -RATEI675
410 FORMAT(122HI TIMEISECI N(EIfCC NIO-)/CC N(02-)/CC N(03-)/CCRATE1680

1 ti(N02-I/CC N(O+)fCC Nl024i/CC N(N2+)/CC NINO+)/CC PRODUCTIORATE1685
2N)I RATE1690

415 FORMAT(7,121 RATE1695
420 FORMATI 141 RATEI700
425 FORMAT(65HOTHE PROGRAM IN TRYING TO GENERATE THE LOG OF A NEGATIVERATEIMO

1 NUMBER. I RATE1710
430 FORMAT(45HOTHE INTERGRATING MESH IS VANISHING IN INT AT IPEII.!,6HRATEI-715

I SEC. ) RAYElT20
435 FORMAT147HOTHE INTERGRAYING MESH IS VAN'ISHING IN-ALGA AT -IPE11.5t6RATE1725 5

1H4 SEC. I RATE1730
440 -FORMAT:HP1OEIO.Z) RATE1735
445 FORMAT(12A6) RATE1740
-450 FORMAT(IHOY1ZA6) RATEIT-45

455-FORMAT(1H0,I16(2X4ii AI,HJ-lPE1O.3J11- RATE1750
46nl FORMAT(lHn,(4(2X4H Al_913t2H)IPEl0.3))) RATE1755 I
465 F ORMATII ,(4(2X4HCONlI3H-)1PE1-.3)1-) -RATEIT66
470 FORMAT(43H THE -INCREMENT- IS CONSTANT At 1.OE-06 SEC; I RATEI7T6
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475 FORMAT(L21H TIME(SECI NINO)/CC NIN)/CC N(N021/CC N(031/CCRATEIT7O
I N(N20)/CC N(O)/CC N(02)/CC (IN2)/CC KEYS I THRU 15RATE1775
23 RATEI780

480FORMAT(ZZHOREACTION COEFFICIENTS) RATEI785
485 FORMAT(IH t6(-2X4HCONII3t2H)xlPEIO3)3) RATEI79O
490 FfRAAT(lHO,20X,86HTHE FOLLOWING IS[A LIST OF--!'ATE CONSTANT CHANGESRATEiT95

I FROM THE STNO LIST USED IN THIS RUN. ) RATE1800
495 FORMAT(E02HI TIME ISEC) 02 DENSITil N2'DENSITY E 0 - O2- ORATEE805

17-| NO2- O 02+ N2 NO N NO2 03 NO. N20" 0 1 RATEI81O
500'FORMAT(14,lPEIO.2,IPF5.,1IPEIO.2tTA6 RATE1815
5054FORMAT(IPIIEII.3) RATEI820
51') FORMA!L(P9EI.3,5I,2tlXt412tlX,612) RATE1825
515. FORMAT(IHII RATE1830
520 FORMATI6XlI;A1,I53) RATE1835

END RATE184O

N NNmo)-.to
j4= NjO+. AtF t O , N 10 ,"\ 2 0 , N3 0 ... m

3 A FjLO + 1~ A N22, N 3 2 ... N 2 )
AtF ( At, N N N N

0 3 123' 23' 32" m2

1

+2At F (t+ At, N13, N3 N ... Nm)

N js5 = N o + -1 At Fj(on N 10, is20, N 30 N tmo)

+ Z tv jF(t° + .1AtN N N N+-3 0 2 t N13, N23, N33 .. Nm3)
+ at i A j(t +At,N N N N

i + AlN24,N34 ... Nm4)

Al Mrson-(1957) has-shown that the error in is I At V and that
the error in N_. 5 is - -"  At5N1 TV )J  Therefore, a good estimate of the error in

N which are the accepted values of N. at the end of the increment is

1 (Nj 4 - Nj5)

The criterion for the acceptance of a solution is that one-fifth of the relative

difference between Nj4 and Nj5 must be less than ( for every N. That ic

<E

Should this criterion fail for any Nj, the program cuts-the increment in half, re-

initializes itself, and computes a solution.over a smaller increment. It uses this

.Ire
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factor of two cutback for the first three failures. If thcsolution is still unble to

satisfy the criterion- after these three tries, the increment, is cut by a factor of ten

and-a new solution is computed. The program then tries to obtain an acceptable

solution three times using decade cutbacks. Should the solution still be unacceptable

after these three attempts, all the differential equations are returned to the set,

the increment is cut another decade, andanew solution is computed. Should the

solution still be unacceptable, decade cutbacks are continued until an acceptable

solution is obtained or until the increment is reduced below 10 . If no solution

is acceptable by thetime the increinent is reduced to 10 - 8, the integration is

stopped, the JAKE switch is set to two, and control is transferred to the main

program.

This program sets two switches that are used externally to determine con-

ditions under-which the -solution-was generated.

1) IFAIL -'INTEG will return with this switch on zero if the solution

was generated over the first increment used. If the siubprogram
had-to reduce the increment, this switch is set-to one. This in-

formation is required if the main program is, looking for solutions

at specific times.

2) JAKE - this switch is set to its normal setting:.of one by the main

program. As long as a valid solution is generated, its settifig-re-

mains on one. If the integrator is unable for any reason to develop

a solution with any increment greater than 10- 8 , this switch is- set

to two and control is transferred to the main program where the

comment THE INTEGRATING MESh- IS VANISHING IN INT AT X. XX

SEC is written.

This subprogram calls ALGA for a solution to the exponential equations after

the computation of each of the five sets of N. In this way, the program-always

uses a consistent set of Njts every time a derivative computation is called for.

If ALGA returns to INTEG with the JAM switch onitwo indicating that ALGA

-could not solve the exponentialvset of equations, INTEG makes one of two decisions

to remedy the difficulty.

1) If the concentration of any species is being computed from its

exponential equation over the current increment and was computed

from its differential over the proceeding incremeit, its differential

equation is returned to the-differential set and its exponential equa-

tion is ,emoved from the exponential set. The system is reinitialized

and the integration is started again over the current dncrement.
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2) If condition I does not prevail, all of tie differential equations

are returned to the differential set, the exponential set is emptied,

the increment is reduced by a factor of ten, the system is reinitIalized,

and the integration is performed over the smaller increment.

A COMMON subscripted variable TREG is required by the subroutine. Its

4 dimension is (6*NUMB+4) where NUMB-is the-number of differential equations in

the full set.. After each integration, the locations of TREG contain the following

values:

TREG(2) = Independent variable t(see)

TREG(3) = Integrating increment

TREG(4) - TREG(NUMB+3) = Depeident variables N

The increment for the next integration is auternatically set to twice the-value used

for the integration just completed. -If the new increment is too large it will be cut

back -by the program during the next integration.

The following statements, beginning on page 81, are a listing of thi&sub-

routine.

7.1. 3 TIE ITERATION SUBROUTINE ALGA

This routine solves the simultaneous set of exponential equations. It is called

by subroutine INTEG except when the set of differential equations is empty when

it is called by the main program., The-set of exponential equations (see Eq. 3)

is solved by the method of successive~substitutions using No as the initial guess

andcomputing successive guesses -from

N i+ Nj-1

Te j 0,J, 2, 3,... ITER

(U--6) < < (1+6) (45)N .

where 6 is some number less-than one. Choice of the value of 6 ,is determined

by the-amount of charge imbalance that can be tolerated-in the solution. Generally,

the problem- of charge imbalance can be neglected if 6 is less than 0. 001.

If the criterion (Eq. 45) cannot be satisfied within ITER iterations, ALGA

makes one of two decisions.

1) If any differential equation is still$A the differential set the JAM

switch iS set to two and control i& returned to INTEG (see INTEG

for remedy taken).

!



SI8FTC INTEG LIST INTOflO
SUBROUTINE INTEG INT00005

C INTEGRATOR USING THE KUTTA MERSON TECHNIQJUE. INTOOIC
COMMON TREG( 1501 ,KEYf 151 9FORM( 151,vRE?4V(15) CON( 168 )#LKEY(151 t8EGININTOnOI5

1115) INTOOrJZO
COMMON NUMBtEUt3AR ELBAR, o D002#DNZvtPNEt PNO P02t POvPN2t TOTALvJACK# INT00025

IJAKEvJAMt IrER,9LINTt,12NrtKZNTtJ2NTPNZNTPFIRSTtPROD,LAMt TZMEK83tTOTINTOOO0030
2OTUTN INTnOm35
DIMENSION CM7 INTQ0fl4Q
DATA C/0.3333333390. 16666666,Q.125,0.375P,5tl.5,0.66666666/ INTOC045
NL=NUMB+4 IN ' .' 50
N2xL INT - NT0005
N3-1 2NT iNTOAO('3D<
N4-K2NT I 4T0OG 5
N5zJ2NT I Nr 000 7Q
W6-N2N T I NT00075 -
KOUNTwn INTOQOO
00 5 Jal,NUMB INT00085-
TREG(NZI =tREG(Jt3) [NTOO09O

5 NZ=N2+1 INT')0095
NZ=LI NT- INTDO0100
TREG(,1IzTREG(2) INTO010S

1 ()0D 90-'1=1,5 INTOO1lO
CALL DAUX- zteroo115
D0 50 J ',.NUMB INT00120
1F(KFY(J),-I) 45v15,45 INT0DI125

15 GO TO (20925,3qt3594lII INT00o130
'20 TREG(N3)xTREG(NlI*TREG(3) INT00135

TREG(J+31=TREGINZJ+C1 1)*TREG(N3) INT00140
GO TO 45 INT00145

25 TREG(J#-3 3TREG(N2).C(2)*TREGIN3I+C(2)*TREG3I*TRE-G(NL) INTOO150
GO TO 45 INT00155

30 TREG(N4)=TREG(N1)*TREG43) INT00160
TREG(-J31=TREGIN2),C(3)*TREG(N3)+C(4)*TREG(N41 INT00165
GO TO 45 INTOOITO

35 TREGIN5)-TREGINI I*TREG(3) INTOOIT5
TREG(J*3)zTREG(N2).CI5*TREGN3)-C6*TREG(N4)+ZO;TEG(N5) INT00180
TREG(N6-)uTREGI J+3) INT00185
GO TO 45 INT0O19O

40 TREG -(J*3)x.TREGINZ+CI2I*TREG(N3).CI7)cTREGIN5)+C(2)*TREGI3)*TREGININT00Ig5
11) INT'?0nO0

45 N1=Nl+l INTOOZOS
N2-N2+1 INTOQZIO
N3=N3+1 INT00215
N4xN4+t INT00220
N5mN5+1 INVO0225
N6xN6+1 INT00230

50 CONTINUE INT00235
NI =NUM8.4 INT00240
N2xLINT INT00245
N3=12NT INT00250-

N5=JZNT 1Nt00260)
N6=NZNT INT00265
00 55 KwINU4B INT00270
IFIKEY(KI-21 55,60,55 INT00275

55 CONTINUE IN T00280
GO-TO-T0 I NT002 85

60 CALL ALGA- INT00290
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L-JAKE 1NT00295
GO TO (65,65,l95)oL INTO0300

65 LNJAM INT00305
GO TO (70TlIOsL INTO0310

70 GO TO I75,90800,85,90Qt, INT00315
75 TREG(21mTREGIII*C(1)*TREG431 lNTO032O

GO TO 90 INTOO3Z5
80 TREG(2ITREGfI)#C(5I*TREG(3) INT00330

GO TO 90 INT00335
85 TREG(2)-TREG(I) TREG|3) -INT0034O

90 CONTINUE INT00345
00 105 JxINUMB INTO0350
IFIKEYIJ)-1I 10095,100 INT00355

95 IF(IABS(1.0-ITREG(N6)/TREG(J+31)I/5.01 .GT. EUBAR) GO TO, 135 INT00360
100 N6-N6+1 -1Nt00365
105 CONTINUE INT00370

N6uNZNT INT00375
GO TO 185 INT00380

110 00 120 JmINUMB INT00385
IF(KEYIJI-21 120,1l5tliO INT00390

115 IF(LKEY(JI-Il 120.1152t20 1NT00395
120 CONTINUE ENTO0O0

GO TO 165 INT00405
125 KEY('J)-t INT001IO

DO 130 J=1,NLIB INTO0415
TREG(J*3)=TREGINZI INT00420

130 NZNZl INT00425GO TO 155 
INTO0430

135 KOUNTmKOUNT+l INT00435
IFIKOUNT .GT. 31 GO TO 160 INT00440
TREG(31=TREG(3)/2.O INT00445

140 00 145 J*19NUNB INT00450
TREG(Jt3lSTREGIN2) -INr00455

145 N2-N2*1 INT00460
GO TO 4155,150',JACK INT06465

150 IFITREG(3 .LT. 1.OE-8) GO TO 190 INT00470
155 TREG()-TREG(1) 1NT00475

N2mLINT INT00480
N6uN2NT INT00485
GO TO 10 INT00490

160 IFIKOUNT .1T' 6) GO TO 180 INT00495
165 DO 175 J-19NUNB INT00500

j IFIKEY(J)-21 175sI70,175 INTO0505
170 KEY(J)=l INTO0510
175 CONTINUE INTO0515
180 TREG(31*TREG[31/10.0 INT00520

GOTO 140 INT00525
185 TREG(31=Z.0*TREG(31 INT00530

GO TO 195 INT00535
190 JAKE=Z INTO0540
195 RETURN INT00545

END INT00550

.1 _____ ____
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2) If the differential equation set is empty the integrating mesh is

halved, the initial conditions arerestored, and the iteration

procedure is repeated.

ShouldALGA be unable to compute a solution to the full set of exponential equations
before the increment, is reduced to the starting increment-(usually 10 secs), the

JAKE switch is set to three and control is returned to the main program where the

comment TIE INTEGRATING MESH IS VANISHING IN ALGA AT X. XX SEC N'

written.

The-following statements, beginning on page 84, are a listing of subroutine

ALGA.

7.1.4 SUBROUTINE TO COMPUTE THE FORM AND REMV TERMS, SLOP

This subroutine computes the F F i and- R i terms required in computing

the derivatives. This has always been a tedious program to write because itis
here that the sum of all the rates at which the species are formed and removed is

computed. For a large number of reactions and species the effort to hand code

this program is tremendous.

A program was written by David McIntyre (1965) for an IBM-6000 compiter

.vhich, upon being fed in coded form the reactions and the species, writes

a program for computing the total and the partial derivatives of each species.

This code was rewritten by the-author for use on an IBM-7044-7094 'computer to

compute only the formation and the removal equations required for each species.

This program-in its-latest version-is dcscribed in Appendix B.

Since the i and- R. terms:are-requirdiby both INTEG and ALGA,

SLOP is wvritten in such a way that it can be called-by either of- these subroutines.

IM order to conserve computer time, SLOP is so written that only the FORM(J) and

the REMV(J) terms for the species that are.not in equilibrium are computed when

SLOP is called by INTEG(KIND,-1) and onlythe FORM(J) and:the REMV(J) terms

for the species that are in equilibrium are computed when SLOP is called by ALGA

(KIND=2). This eliminatesi.the waste of time in computing derivatives that will,

not be used. In addition, SLOP calls PRODUC for the rate of production of ioniza-

tion by the external source only when SLOP is called by INTEG.

Subroutine-SLOP is now written by the computer. 'The following statements,

beginning on page 85, are written for 15 species and 168 reactions.
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SI8FTC ALGA 'LIST AtLGAOOOO
SU8ROUTINE ALGA ALGAOOO5
COMMON TREG CIS5h KEY( 15) ,FORM( 151 REMVt 151 tCON( 168 )PLKEY( 15) 9EG INALGAQOO 
1115) ALGA0015

COMMON NUMBtEUBARvELBAR# O.OOZ*DNZTsPNEP PNO, P02 tPO,#PNZTOTAL, JACKsALGAO00Z
IJAKE.JAM, ITERLINTIZNTK2NrJZNTN2NrFIRSTPROLAMTIMEI(63,TOrALGAOOZ5
20, TOTN ALGA0030
DIMENSION Y(17)vRA\1171,ZINCH( Ill ALGA0035
00 5 Jul ,NUMB ALGA004Q-
Y(Jl.TREGfJf3i ALGA0045
LINCHIJIu1'REG(J+31 ALGA0050
RATIJ)-O.O ALGA0055

5 CONTINUE ALGA0060
10 KOUNT=O ALGA0065
15 KINDuZ ALGAOO!O'

CALL SLOPIKIND) ALGAOO ?;
FORM(I OINFORMI 10)-PNO ALGW0080
FORMI iS1uFORMI 151-PO ALGA0085
00 30 JultNUMB ALGA0090
IF(KEYWJ-2) 30.20,30 ALGA0095

20 YEJK-FORMIJ)/R.MVIJ) ALGA0100
YIPES-ABS4REMV(J)*TREG(3)) ALGA0 105
1IFlYIPES .GT. 30.0) GO TO 25 ALGAOI110
Y(J)-tZINCH(J)-YEJK)*EXP(-YIPESI +YEJK ALGA0115
GO TO 30 ALGA0120

25 YIJI=YEJK ALGA0125
30 CONTINUE ALGA0130
35 00 45 J1,#NUMB AtGA0135

IFIKEYIJI-21 4594C,45 -ALGA0140
40 RAT(J)a(TREG(J43i/-YtJ) ALGA0145
45 CONTINUE ALGA0150

00O 60 J-19NUMB ALGAO1 55
IFIKEY(J)-2) 60.50,60 ALGA0160

50 IF(RAT(Jl-C1.0*ELBAR)) 55,65,65 ALGA0165
55 IF(RATIJ)-t1.0-EL8AR)) 65,60,60 ALGA0170
60 CONTI.NUE AL GA 17 5

GOTO 110 ALGAQI80
65, 13 75 J-f,NUMB ALGA0185

-ItIXEY1JI-Z) 75,70,75 ALGA0190

70 VREG(J.3)=(TREG(J+3)*Y(J)1/2.0 ALGA0195
75 CONTINUE ALGA0200

KOUNT-KOJNT+ 1 ALGA0205
IF(KOUNT-ITERJ 15,80,80 ALGAOZ1O

s0 00. 85 JilNUMB ALGA0215
IFHKEY(J)-l) 85,.105,85 ALGAOZZ0

85 CONTINUE ALGA0225
'TREG(3)-TREG(31/2.0 ALGA0230
TREG2I=-TREG(21-TREG(3) -ALGA0235
IF(FIRST-TREGC3)) 95990990 ALGA0240

90 JAKE=3 ALGA0Z45
GO TO 125 ALGA0250

95 L-1I'INT ALGAO255
00 100 J-, (NUMB ALGA0260
TREGIJ.3)=4AEG(L) ALGA0265
L=L+l ALGA027O

100 CONTINUE ~ALGAO275
GO TO 10 ALGA0280

105 JAM-2- ALGA928 5
GO TO 125- ALGA0290

110-D0 120 J=1,NUM8 -ALGA0295-
IFfKEY(Jl-2) 1l20,115,120 ALGA0300

115 TfREGIJ+3)-ITREG(J+3),Y(J))/Z.0 ALGAO305
12n CONTINUE ALGA0310

JAMul ALGA!315
125-RETURN- ALGA0320

END- ALGA0125
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DIMENCSLON L110)ST 68 SLOP0035
SUOLErNE SYLlsPEIKlINDION SLOP0040'

(1)=00 SLOP00l50

DIENSON Y(5)C(6)SLOP0035
EQUKINCEQ 2)(1,fRG(4)dCCO5 SLOP0065
CALL BALANC SLUP0070

5YI((K EQ.= I N.KY 1N.1 R KN-6.2A .KYSLOP0'060

I It .NE. 21)'GO TO 10 SLOP0080
REMV( 1) z(Y(9i*(eC(329.C(36)*Y(18)4C(37)*Y(181,C(41i34Y(15)*(.SLOPI1085

I C (16) +C (221 *Y16) +C( 23)*Y ( 17 1+C (26) *Y-(161 ) Y (1)* (+C ( 30)iC(U34 1 *Y 11SLOPOO 9L,
11 C 13911+Y (8) (+C 43 1)+CU351 *Yl18 1 C (40) ) +Y 112)AI+C (18)*C (2 71 *Y (161 SLOP0095
1,+C 28) *Y 171 + 4Y (13) * I C( 19) +C (20 C (2 1) 1 Y(6) * 4C (33) *Y I 8) +C I38Y)SLOPq 100
1 +C 171 *Y (16)it (24 ;*Y 116) *V (16) +C 12 5 *Y(116) *Y (1?)(2 9 )*Y( 10 J *Y (18) SL0PO105.
I-i. SLOPOI 10
eORM( 1) =(Y(2)*(4C(Z)4C(8)*Y(15),CI(9)*Y(161+C(LQ94Y(11),C(111*SLOPO115

IY(17),C(129*Y(1094C(13)*Y(1399+Y(33-*(Y(15)*(,CU')+C( 1533.C1114C(61SLOPOI20
1*Y( 17)4C(14)*Y(11)+C(51*Y116))tY(4)*(4C(4),C(167)*Y( 1519'Y451*(.C(SLOPO1Z5
133tC(I.681*Y11531 3+PNE SLOP0130

10 iF((KIND .EQ. -1 AND. KEYU 2) .NE. 1) .OR. (KIND- .EQ. 2 eANO. KEY(SL0PO135
1 21 .NE. 2)9 Go 10 15 SLOPOI40
REMV( 23 -Y6*(4C42C58*Yt11 94C(59)SY( 163-C(609*Y(17)+C(6SLOP0145
1Ii*Y(15) 3+Y(79*(.C(46)4C(639*Y(18))*Y(83*4 .CJ5O14CU~l53*Y( 18194Y(99SL0P0150.
1*I+C(541,Ct67)*Y( 18))+Y(Loj*(+C(1Z3.C(1149*V,(181PtY(13)*(.C(139,CISLOPO1I55
1933-).C(21,C(81* Y(151,C(99*Y(16)+C(1Q1*YHI1)+C(113*Y( 17l,1C(929*Y(12SLOP0160
l1+C(106)*Yfli6),C(1241*Y(1Ez9*Y(16'99 SLOPO 165,
FORM( Z) -(Y( I)I*(YI 151 *(+C-(16),C (2 2)*Y 116) +C(23)*Y 111 4mC20) YSLOP01I70

1(13) )+C(94)*Y(3)*Y(15)I SLO P0175
15 IFICKIND .EQ. 1 *AND. KEY( 3) .NE. 11 *O1R. (KIND .EQ. 2 .ANO. KEY(SLOPO18O

1'3) .NE. 2)) GO TO, 20 SL0P0185
RENV( 3) u-(Y( 81*(+C(4519+C(669*Y(18)+C(691+C(70)+C(71)I(7) )Y(SL0P0190
ll)*(.C(559,C(683.Yf,18J.C(75).C(769+C(771)tY(153*(*C(73l@C(15)tC(94iSLoP0195
1)+YL6l.(.C(43),C63*(1891,Y7)*,C47+C64*Y(18)Y(111*(CL4SLOPO200
19*C( 1153 *Y( 18) 9.C( 1.C (59*Y( 16).#C(6 j*Y( 179 .C(95 3*Y( 129.C( 963*Y( 13)SLOPO205
14C(1251*YI 163*Y(3.7)1 SLOP0210
FORM( 3) n(Y(1 9*IC-(17*Y(16jgC(Z19*Y(13),C(24I*Y( 16)' Y(169'C(2SLOe,0215
15) *Y(16)*Y11794C(26)*Y(16)*Y(159 93 SLOP0Z20

.20 IF((KINO .EQ. 1 .ANO..-KEYI 4) .NE. 19 *OR. (KIND .EQ. 2 *AND. KEY(SLUP0225
1 4) -.NE, 2)1GO TO. 25 SL0P6230
REMV( 49 =(Y19)*(,+C(571,C(111.C(52),Y(8)*(+C(531+Ci-749 ).C(4J4-CSLO)PO235
1(45)*Y(69.C(499*Y(71.C(98)* Y(12i*C(1IZ6)*Y(171.C(167)SY( 15)1 SLOP0240
FORM~ 4) =(Y(13)*(. C(I-9)*Y(19.C(939*Y(2)+C(961*Y(31+C(97i)*Y(51)SLOPOZ45
1+Y(2)*(,C(106)*Y(161,C(124)*Y(16)*Y(16)J) SLOP0250

25 IFUKINO .EQ. I *AND. KEY( 5) .NE-l1l .0R. (KiND *EQ. 2 *AN.., KEY(SLOPQ255
1 5) ANE. 219 GO TO' 30 SLOP0260
REMVI 59 =(Y(99*(.C(56ifC(78)+C(79)*C(801 3tY(89*( .C(529+C( 73))+SLOP0265
1C(3)+C(449*Y(6),C(489*Y(7JGC(971*Y( 13)tC(168)*Y(1599 SLOP0270
FORM( 51 =( Y(12)*(Y(1 )$(GC( 18) +C(279*Y( 16)+C(28)*Y(l179 +C(,92)*YSLOP0275
1(21,C(95)*Y(314+C(989*YI4493Y(39*(,C11159*Y(119*Y(181*C(1251*Y4169S5L9P0260
lY(17?)3,C( -1149*Y(2)*Y(103*Y(181,C91263*YL49*Y(l7)). -SLbP0285

30 IF((KINO .EQ. I *AND. KEYI-6) .NE. U9 OR.-(KIND- oEQ. 2 *AND. KEY(SLOP029O
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1 6) .NE. 21) GO TO 35 SL0P0295
REMV( 6) zIY(2)*(.C(42)*C(59)*Y(11)eC459)*#Y(16)+C(60)*Y(17)+C(6SLO -P0300
ll*IY(153),YIIO)*(,Cj84VeC(1023,C(1103*Y(l18)C'(1173)4Y(13*(4C(333*YSLOP03O5
1(183,C(3833+Y(33*(,C(43)4C(62)*Y(181)Y(11)*(,C(i0034C(108)*Y4-1833SLOP0310

1,+Y(153*(*C(993,C(.1fl7*V(1833,C(833*Y(16),C(85)Oy(12)gC(8'6)*y(14)*CSLOP0315
1(1013*Y(173.C(1093*Y(173*Y(18)+C(116)*Y(17)4C(44)*Y(53.C(453*Y(4)ISLOP0320
FORM( 6) a(+C(118)*Y171*Y(11)+Ct88i*Y(8)*Y(151,)+PO SLOP0325
1 7) .NE. 2i) GO TO 40) SL0P0335

REMVI 7) =(Y( 1)*(*Ct30)4C(343*Y( 183+C-(391) 3Y(230( C(,463.C4633*YSLOPO34O *
1(181))Y(3)*(.C(47).C(643*Y(18)3.+Y(I13*(,C(1183.C(120J1tY(153*F.+C(1SLOPO345
103).C(1113*Y(18)3,C(873*Y(103.+C(119)*YC17)4C(1ZI)*Y(123+C(48)*Y(5)S10P0350%
1+C(49)*Y(43 3 SLOP0355
FORMI( 7) utY161*(Y(-151*(+C(99)+C(107)*Y(18))+C(1171*Y( 10)+C(83)SLOPPQ36(.
1*Y(1613+C(893*Y(8)*Y(16) 3'POZ S10P01365

40 IFI(KINO .EQ. I *AND. KEY( 8)- .NE. 13 *OR. (KINDO EQ. 2 *AND. KEY(SLOPO370
8) .NE. 2)3 GO TO 45 SLOPQ375

:RENV( 83 x(Y(31*(*C(513*C(66).*Y( 18)+C(693*C(703.C(713tC(723)+Y(S10OP0380

190)*Y(11 3,C(913JY(10)GC(104)*Y(17).C( 1233*Y(163) SL0P0345
FORM( 83- -4PNZ SLOP0400

45 IFI(kINO .EQ. 1 *ANU..KEY( 93 .NE. 11 .OR. (KIND .EQ. 2 *ANO.,KEY4SLOP*4O5
1 9) .NE. 233 GO-TO 50 SLOP041O-
RFMV( 9) -(Y(33)*(.C(55)+C(683*,Y(18)*C(75)4C(763,C(77) Jt()*(tCSLOPO415
1(323.C(36)*Y(183tC(373*Y(18),C(411)JY(53*ItC(56)uC(78)+C(793+C(80)SLOPQ4ZQ
l3,Y(4i*(,C(57),C)C(8Zi)1,Y(Z3*(,C(543+C(67)*YTi Y(1Yl5)*(+C(LOSLOP0425
15)-,C(11Z)*Y(18)3,C( 1-3)*YlllII*Yf1a)) SLOP0430
FORM( 93 =(Y(6)*i(I1)(,C(100)4C(108)*V(j83)...(116)*Y(17.,C(84S10P0435
3I)CY(1I)3'Y(73*(,C41193*Y(17)+C(1203*Y(LL3,C(1Z13*Y(12),C(87)*Ytl0)SLOPO440

1)4+Y(8*(C(122)*Y(15)+CI1123)*YI163,C491)*Y(I10J33*PNO' SLOP0445
50 -IF((KINO .EQ. I *AND. KEYII')) .NE. 1)-.OR. (KIND .EQ. 2 *AND. KEY(SL0P0450

ll1( i).E. 21) GO TO 55 SLOP0455
RE4V(1fl -(Y(6)*4+C4843.C(102)+C(I10)*Y(183+C(117))+YI15).:'C.C(SLOP0460
131).C(143)*Y(16).Cf1l443*Y(tl3+C(15O33.,Y(113*(+C(4134).C(147I y 18 .SLO30465
1C1156)3,Y(23*(,C(1Z)GC(1143*YI1813tY(103*(.C(148;*Y(16)4C(1483*Y(-ISLOPO470
163 3.C(ZQ3)*Y(13*Y(IR)4C(1603*Y( 133,C(162),C(873*Y(73:.4C(913*Y(83) SL0P0475
FORM(10) =(Y(9)*(Y(1)*(.C(363*Y(18),C(41) 3.Y(3)*(.C(553.C(683*VSLOPO48O
I(18)3,Y(53*(4C(79).C(56))+C(54)*Y(234C(573*Y(4334YIilJX*(Y(123*(,C(SL0P0485
11583*C( 1583 ).YI153?( +C(12934C( 1413*Y( 18) 4C( 103 *Y( 234C( 1553*Y( 16) 4SLOP0490ji IC-(1183*Y(?33+Y(15)*(Y(14)*(.C(1523,C(152)34Ct149)*Y(1,73.C(151)*Y(1SL0P0495
123.+C( 1683*Y(53)G+Y(8)*( Y(33*(GC (693.C( 69) )*C(73 I*Y( 53+C( 123)*Y( 16) 3SLOP0500j1+C(163)*Y41Z3*C(1l193*YI7)*Y(17),C(126)*Y(43*Yi17).C(16534Y(143' SLOPO5

55 IF((KINO .EQ. I .AND. KEY(1,) .NE. 13 .OR. (KIND .EQ. 2 *AND. KEY(SLOP0510
111) .NE. 233 GO TO 6P~ SLOP0515
REMV(11) .(Y(113*(+C(1-3Z)*C(145)*Y(183*C(1323,C(1453*Y(1833. Y(6S10P0520
l3*(GC(1003,C(1083*Y(1834C(583*Y(233tY(lO0)*(,C(1343,C( 14?)*Y(183,C(S10P0525
11563 )GY( 12)l(,Cti573,C(1583,C( 1593))+Y(33*( eC(14),+C(1153*Y( 183)4Y(7S10PO530
I 3*(.C( 1183.C(LZ'-i IiY(153*(+C(129)+C(141)*Y(18 I MC( 133)*Y( 163,C(146SLOP6535
13*Y4.6)*Y(183+C(1553$Y(16),C(10)*Y(23,CI90)*Y(83,+C(l133.Y(9).Y(18SsLOP0540
1) SL0P0545
FORM(113 =(Y(9)*(Y(13*(.C(3Z3.C(373*Y(183 ).Y(33*(.C(Ti6J.C(7733+SLOP0550
IY(53S(+C(78)e+C(79))4C(813*Y(433+Y(83*(Y133*(.C172),C&,71)tC(72334Y(S10P0555
itl-*(,C(313.C(313).C( 122)*Y(15)3.Y(63si.C(583*Y(-23*Y(j11).C(116).Y(lSLOP0560-
17),C(1173*Y(10OI).Y(10)$t(+C(162)GC(1501*v(1533+C(1653*Y(143.C(1493*bSLOP0565
IY(15)*Y( 173:) SLOPG570

-60 IHIKIND .Ei.-I .AND. KEY(121 .NE-11 OR. (KINlD .EQ. 2 .AND. KEYISIOosTS57
11 NE. 2)A) GO TO 65 SLOPO580
REMV(12) -(Y(lI)*( iC(1R)VC(27)*Y 116 )C28*Y(1-7)*-Y( 11) *(,C( 157fISLOP0585



8-7

I +C 158)+C 115 9) +C 163).C (8 5 1*Y(6)+C 19 2 Y (2) +C 95)*Y 31+C ( 98) *Y 4 4)SLOP0590
1.C1I2I)*Y(7l4C(I51)*Y(I5)) SL0P0595
FORH(12) (Y 11) * (Y(151 (+C (13 1') C1143)*Y ( 161 +C 144 1*Y (17 11+Y I ISLOP0600
lfIA* C (148) *Y 416),*C -1481 *Y(161 ) +C (12)*Y 12) +C 4160 * Y( 1311 +Y (5 1 +C 4 L0P 60 5
13J+C144)*Y(6J*C(48)*Y(7)+C156) *Y19)+C 197)*Y( 13)+C(52)*Yt 81 )+Y(3)*(SLOP0610
I ,C114)*Y(11 ),C(71)*Y18;,C(751*Y(91,C( 1Z5)*Y( 16)*Y( 171 1+Y(91*( C(67SL0P0615
1) *Y( 2 1*Y (18),+C(8Z)*Y (4) ) Y 1111)* C (13 3) *Y (16) +C (146) *Y I16 )*Y (18) 11SLOP0620

65 IF(KIND .EQ. I *AND. KEYI131 .NE. 11 .OR. IKINO .EQ. 2 *AND. KEY(S6000625
113) .NE. 2)) GO TO 70 SLOP0630
REMV(13) =IY(I-)*(+C(19)*C(2014C(21)I+Y(2)*(4C(13).C(931) )C(166)SLOP0635

I+C(96)*Y(3)tC(97)*Y(5).C(154)*Y( 15I.C(160)*Y(L0).- SLOP0640
FORM( 13) -(Y(4)1*1+C (4)+C (451 *Y(6)+C (49) *Y(71 +C(57 I*Y(9)I+C(98) *YSLOP0645

1(12)iC(531*Y(8)I.Y(15)*(C(15)*Y(3)C(128)*Y(16b1r(138)*Y(16)*Y(16SL0P0650
1)I+C(139)*Y(16I*Y(17)4C(14O)*Y(-16)*Y(151))Y(2)*(+C(9)*Y(16).C 'I'63)*YSLOP0655
1(7)*Y(18)24Y(3)*(,C(62)*Y(6)-*Y(18)+C(763*Y(9)),C(80)*Y(5*YI J+M(SL0P066O
iIISYI 7)*Y( 12) $ SLOPO665

70 IM(KIN. EQ., 1 .AND.-'jKEY(14) .NE. 1) .OR. (KINID .EQ. 2 *AND. KEY(SLOPQ670
114) .NE.,-"J) GO TO 75 SLOP0675
REHM1) =(Y(151*(+C(152).C(153) )*C(164) GC(1651.C(86)*Y(6)) SLDP0680
FORM(141 =(Y(8)*(,C(65)*Y(2J*Y(Irs)+C(70)sY(3).C(73)*YL 5).C( 741*S10P0'685

1Y(41))Y(11)*&Y(1O)*(A+C(13 d4C(147)*Y(181)4C(159)*Y(1Z))+Y(I51*(.C(SL0P0690
1130)*Y117).C(142)* Y117)*Y(18)CIl)*Y(2)*Y(17) SL0P0695

75 IFI KIND .EQ. I .AND. KEY(153 *NE. 1) .OR. (KIND .EQ. 2 *AND. KEY(SLOP0700
115) *NE. 2)) GO TO 80 SLOP0705
REMV(15) =(Y(15)*(Y(15)*(,Cf136)eC(1361,C(l36)),C( IZT)+C('135)*YSLOPOT1O

1140)*Y(16)),Y(1)*(. C(16):C(22)*Y(16).C(23)1*Y~I7).C(26)*Y(161)Y(IOSLOP0720
l)*(+C(131).C(1431*Y(16)+Ct144) Y(17)+C(1501)+Y(3)*(,C(7)4C(15V.C(9SLOP0725
141[uY(6)!I.C(991,C(107)*Y(18)*C(61)*Y1)Y(7)*(+C(103).C(111)4Y(1SL0PO730
183)+Y(8)*(+C(88),C(122,),V(9)*(,C(105),C(112)*Y(1813.Ytll)*(+C(129SL0POT35
I)+C(141)*Y(181)Yf1d7)*(,C(15S2),C(L531))C(128)*Y(16)+C(-130)*Y(17)4CSL0P0740I
1(138,*Y('X6)*Y(16),C(139)*YfIbi*Y(17)*C(142)*Y(17.)*Y(18)+C(-149)1*Y(1SLOP0T45
171,C(151)*Y(12)k+C(154-)*Y(13).C(8)*Y(2 )+C(167)*Y(4b+C( 168)*Y(5)I SL0P0750

FORM ( 15) --Y(i6i)*IY12)*(+C142l +C(42)4C(61)*Yl 151 tY Uli,( +C133)*YS1OP0755
1(18)+C138))+C(831'*Y(16)+C(841*Y(10)+C(85)*Y(12)+C(86)*Y(14)C(43)*LJP0760

IY(33,C(44)*Y(5)eC(451,Y(4fl+Y(1)*(Y(7)*(.C(30)+C130))fY(9)*(.C(32)SLOP0765
1+C(37)*Y(,18))+C(21)*Y(13)+Cf26)*Y(16I*Y(15))+Y(2)*(,C12)+C(46)*Y17SLOP0O770 -
l).C(50)*Y(8),C(54)*YI9),C(93)*Y(13)+C(92)*Y5121)4Y(3)*(Y(81*(tC(70SL0P0775
1)+C(721r+(9)*(+C75.C(77)+C(7)*Y(15) )Y(11)*(,C(1201*Y(7,+C( 155S1O0700
l)*Y(16),C(156)*Y(1O)*Cr4159)*Y(12))4Yifl5*(Y(15)*IC(136)*Y(15)Cf.I-SLOP0785
140)*Y(16))3,C(t6l1*Y(16),C(1661*Y(13)+C(161)*Y(16)+C(162)*Y(10)4C(SL0P0790
1163l*Y(1Z),C4I 64)*Y(14)) SLOP0795

80OLRETURN SLOPOSOO
ENO: SLOPO805

7.1. 5 SUBROUTINE TO COMPUTE TlHE DERIVATIVES, DAUX

This -subroutine is called by INTEG and computes the-derivatives

This is a relatively- short subroutine- since the bulk of the -computations -are -performed

in SLOP-which computes Zar1  and ZjR i- -. If any species is in equilibrium- this

subroutine sets -its derivative to zero. The-following statements, beginning-on page 88,

are a listing-for this- subroutine.
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IBFTC DAUX LIST DAUXOOO
SUBROUTINE DAUX DAUXOO05
COMMON TREG(150I.KEY115itFUROR(15)REMV(15),CON1681,LKEY(15)BEGNDAUXO')1O
1(15) DAUXOH5
-COMMON NUMBEUaARELSARDDO2,ON2tT ,PNEPNU, POZPO.PNZ, TOTAL JACKDAUXO020
1JAKEJAMiITERLINT,2NTK2NTJ2NTtN2NTFIRSTPRUO.LAMTIMEK83TOTOAUXO025
20, TOTN DAUXOO30
KIND-i DAUXO035
CALL SLOP(KIND) OAUXO040

5 -L.NUMB+4 DAVXO045
00 2A J-ItNUMB DAkXO050
IF(KEY(J) .NE. 1) GO-TO 10 DAUX0055
TREG(L)=FORMIJI-(REMV(J)*TREG(J 3l ) DAUXO060
GO TO 15 OAUXO065

10 TREGIL)J.O DAUXO070-
15 LxL+1 OAUXO075
20 CONTINUE DAUXO080

IF(KEY(IO) .NE. 1) GO TO 25 DAUXO085
TREG(NUMB+L3)xTREG(NUMB+13)-PNO- OAUXO090 -

25 IFIKEY{15) .NE. 1) GO TO 30 DAUXO095
TREG(NUNB 18)zTREG(NUM8+181)-PO OAUXO1O0

30 RETURN DAUXq1O5
END DAUXOIlO

7.1. 6 SUBROUTINE TO SET INITIAL CONDITIONS, INITAL

This subroutine is incorporated into the package for thepurpose of establish-

ing the initial conditions on the solution of the differential equations. In most

applications, this is a very simple subroutine. It simply sets the starting time to

zero, the initial increment to 10 6, and transfers the initial concentrations read

into the BEGIN region to the proper TREG locations. It also computes the total

numbers of oxygen (TOTO) and nitrogen(TOTN) atoms initially put into the system.

Since the situation could arise where it would be necessary to use a com-

plicated -function to compute the initial concentrations, as in the case of nuclear
weapons effects, a separate subprogram is used to permit-filexibility in-setting

up-the initial conditions for the solutions without disrupting tne entire code. The

following locations of TREG must be set by this subroutine.

TREG(2) = 0. 0, the starting time in seconds .

TRIG(3) = 10- , the initial increment in seconds.

TREG(,) to TREG(NUMB+3) = the initial concentrations of the

dependent variables N o.

The initial increment is always taken as 10-6 secs, There could be cases

where a species has-decayed or build up-from -its initial value to its equilibrium-

value in less than 10- secs. In the event thatthis-should-happen-the initial inte-

grating increment -must -be some value smaller than the equilibrium time. -If a

mesh of 10-6 sees is too large, the criterion set on the integration cannot-be

satisfied andzthe program will automatically cut it -back until -it -arrivfes-aL,-anin-

crement that can-be accepted. If it is -known -that-a-pocies will reach -its
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equilibrium value before 10- secs, tihe increment can-be initially set to some

smaller value, thus saving computer time.
The following statements are a listing for this code.

SIBFTC INITAL LIST INITO000
SUBROUTINE INITAL INITOO05

COMMON TREG(150) KEY(15),FORM15 REMV(15)tCON1168)PLKEY(15) tEGININ TO 01C

1151 INITOOS5
COMMON NUMB, EUBARt EL.BAR, DD02,ONZ, T,PNE, PNO, PO2, POPN2, TOTAL, JACK, INI Tr002o
IJAKE tJAM hTERLI Ni, IZNTtKZNTtJZNTN2NT, FIRSTPRODLAMT IME-KB3 ,TOTINITOO25
20*TOTN- INITO030

TREG[ 2)=fnl. INITO35

TREG(3-I1.OE-6 INI T0040
FIRST=TREG(3) INITO045

00 5 JXl,15 INITOO5O

5 TREG(J43I)BEGIN(J) INITO055
TOTAL=PROD INITOD60
TOTO=TREG(5).,2.0*TREGI6},3.0*TREGIY)+2.O*TREG(8)+TREG(9)Z.O*TREG(INI

T-OO5
110) .TREG IZ)i -2.O*TREG(15) 43.0*TREG( 16 iT-EGU IT)+TREG( 13) TREG: 18) INITOOTO
ZZ.0*02 INIT0075
TOTN=TREG(8)IZ.0*TREG llITREG(12*TREG13 } TREG(14)+TREG(15)$2.0*INITO080

ITREG 171-2.0*0N2 [NI T0085,

RETURN INITO090
END INIT0095

7.1.7 SUBROUTINE TO COMPUTE TIE EXTFRNAL IONIZATION
SOURCE-FUNCTION, PRODUC

The-,insertion of any particular ionization source -function into the system- is
facilitated by incorporating a separate subroutine for this purpose. The routine

used with the deionization code simply injects a constant rate of production-of

ien-pairs/cm 3 /sec into the differential equations. For simplicity this constant -is I
read into the computer on one of the input data cards. This production represents

the number of electrons produced by some external source other-than;the chemical

equations. For simple deionization problems this constant production rate is

partitioned imong the positive ions as if it were an ultraviolet--source. That is,

q(N ) + 0.13926*PROD
2~

-q(O+) 0.79272*PROD

2
q(O ) 0. 06802*PROD

Although the code will handle any time-depepdent function it will not operate

properly-if a sharp discontinuity is -encountered in the prod.u, ion function-inside

of the increment At. If discontinuities are present in the source~fwlction they

must be accommodated for by the main program before the integration is attempted

over the time increment in which they exist.
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The following statements are a listing of this subroutine.

SIBFTC PRODUC LIST Pi&OO0000
SUBROUTINE PRODUC PROOO5

COM4MON TREG(15l) KEY(15),FORMI15iREMV(I5ICON(1683,LKEY(15)hBEGINPROO(l1

14151 PRODOO5I
COMMON NUMB, EUBAR tELBARo Do0029 DN2# T PNE tPNO, POZ oPO tPN2ZTOTAL vJACK #PROOOOZO
1JAKE JAM. ITER .L[ NJ,12NT, K2NT ,JZNT ,N2NT, FIRSTtPROD, LAMT IME ,KB3, TOTPROOOOZS
20,TOTN PROD0030

5 TO~'zOOZ*DNZ*TREG(181 PROD0035
P02O2. 9272*PROD PROD0040
PN2-l. 13926*PROD PROD0045
POnO .068(0Z*PROD PROO0O50

PINE =PROD PROD0055
TOTALzPNE PROD0060
RETURN PROD0065

END PROD0070

7.1.8 SUBROUTINE TO ESTABLIS11 CHARGE BALANCE, BALAN

This subroutine is- called by SLOP *.hener it is necessary to compute the,

concentration~ef- negative species from charge balance. After every successful

integrati(Ai the main program finds the largest negative~ species and-sets the variable

LAM to an appropriate integer. Using LAM in~a computed GO TO, BALAN-com-

putes the concentration of this species merely by subtracting from tile total number

of poitive ions the sum of the remaining negative ions. BALAN then-adjusts the

wolecular-oxygen and-the molecular-nitrogen reservoirs to insure that the total
numbers of oxygen and nitrogen atoms in ' .tially inthe system remains constant.

SIBFTC BALAN LIST BALNooQo
SUBROUTINE BALAN BALN0005
COMMON TE(5)KY11FR(5,RM(5toi,6)LE(L)BGNANDC

1(151 ALN01) 15
COMMON NUMB-,EUBARELBAR,0,OO2,DN2,T.PNEPNOPO02,P0.PN2,TOTALJACK,BALN0'AO
IJAKEJAM I TERLI NT,! 2NTtK2N! ,J2NT.NZNT, FIRSt ,IRODLAMtTIMEKB3,TOTBALN0O25
ZO,TOTN BALN0030

5SUM=TREG(9!tTREG(10I4TREG(.11)+TKEGI12J BALN003O
GO TO (10.15P2O,25930,351,LAM BL04

10 TREG(4!xSUM-TREG( 5)-TREGI6)-TREG(7)-TREG(8I BALN6045
GO TO 35 BALN0050

15 TREG(5I.SUM-TREG14)-TREG(6)-TREGI?)-TREG(8I BALN0055

GO TO 35 BALN0060

2() TREGI 6IZSUM-TREG(4)-TREG(5)-TREG(7)-TREG(81 8A1N0065
GO TO 35 BALN0070

25TG TO 35 G4-TE-()TRG6)TEG BALN00750

30 -T 35G8~U-RG4RE(3TEf)RG1 BALN0080

35 OOREG(TOTOM-fEG()-T3.O*1TREG7)TREG(TR1 BTRG1~TE ALNO985

3 TREG(TOT-TREG(18) n/Z.0I7-TREG(9-TREG812REG(1'*TREG(16) TEGBALN0090

0 N2(TG(1OTNTREG(8)-REG(iZTREG(3)-TREG(I4)TREGI(5II/2.O() 
RGBALN0095

111 3-TN-RGIRE 17!RG 1)-RG14-RE(51/-1-RGBALNOIOC
40 111UTRG7 BALN0105

END- BALNnLIS
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7.1-. 9 SUBROUTINE TO COMPUTE TIE HISTORY OF TIE.

REACTIONS, DAUXT

Since it is not'possible-to determine the actual kinetics of the atmospheric
constituents simply by studying the solutions tothe differential equations, this
program is incorporated to give a snapshot of the chemical reactions whenever

it-is called.
Each time DAUXT is called, each individual reaction is computed and the

entire array of reactions along with the corresponding rate constants and the re-
action rates are written on FORTRAN-tape 3. The reactions are written in a
pseudochemical notation that is easy to read. By examination of this output it is
a simple matter to determine which reactions are responsible for the behavior of

any species at-any-particular time.
Computation of this information is-optional. If switch KB2 is on zero the-snap-

shot is taken. If switch K132 is on one computation of this information is bypassed.

There is also an option to printthis history after every integration or only once at

the beginning of each decade of tir e. if switch 133 is on one the history is printed

once for each decade of time. I: switch KB3 is on zero the history is printed after
every integration. These switches, are set by one of the input data cards.

The following statements, beginning on page 92, are a listing of this code.

7.2 Ilitiil lVariation Code

The code, as described in Sectiou 7. 1, is-readily applicable to the problem

of the diurnaL variation of the atmosro eric constituents. The only programs that
require any modification are the main program and subroutines PRODUC and

BALAN. One additional subprogram is necessary for the computation of- the per-
cent obscuration of the visible light from the sun by the solid earth duritrg periods
of sunrise and sunset.

7.2.1 MAIN PROGRAM DIURN

In addition to the functions described in Section 7.1. 1, the main program
must also compute the times of sunrise and sunset for the particular altitude and
geographic location under consideration, Besides accumulating the time in seconds,

the main program must also compute the local solar time in hours. Although the

code must start with time equal to zero seconds, this zero time may refer to any
local solar time. To accommodate these additional features mor-e input parameters
are required. The following are the changes in the input data as described in

Section7. 1. 1.3.

f.
S j
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SIDFTC OAUXT LIST DXT06000
SUBROUTINE OAUXT DXT00005

C DXT0010,
C -REACTIONS FOR 15 SPECIES. OXT00115

COMMON TREGIISO),KEYE15),FORM(151,REM4V(15)CON!168),LKEY 15h8BEGINXTOO~f

1(153~ NUMB, EUBAR vELBARv Do002,0N2, T #PNE r PNO vP0tPO P2 TALoJC OXT00030

IJAKE ,JAM, ITER LI NT, IZNT K2NT, JZNT, N2NT, FIRST, PROD, LAM, TIMEKB3, TOTDXTOOO35
-ZO,TOTN DXT00040
.0IMfNSlUN R11681 DXT00045

,C OXTOQOSO
IFEK3 .NE. 1) GO TO 5 0XT00055
IFETIJ4E .GT. TREGM)1 GO TO 10 DXT00060

5 00-TREGI 183 DXT00065-
R(I I-TREGI6IeCON( 1) OXTO0O70
Rl 21-TREG(51*CONI2I 0XT00075
KE 3J.TREGI8I*CON(3l OXT00080
Ri 41-TREG(7)*CON(4) OXT00O85
R( 5)TrAEGI6)*002*CON(5) OXTOO090
RI 61-TREGI63*D-N2*CON(6) DX T00095
R( 7)=TREGE63*OO*C0N(7) OXTOoiQO
R( 8)-TREG(5)*DO*CON(81 OXTOPIOS
R( 9J=TREG(5)*00Z*COYA9)- OXTOOI 10
R(I f)TREG(5I*TREGE1I0*CON(l0) DXT0O115
R( LIuTREGI53*DN2*CON(1l OX T0012
RE 1Z)-TREG(514*TREG(I3)*C0NEIZ) DXT00125
RE 131.TREGf5)*IREG(16)*CON(13) DXTOOI30
RI 14)mTREGE6I*TREG(I4)*CONE14 J DXT00135
R( 15)-TREG(6)*OO*CON1151 OXT00140
R( 16)-TREGI4*iO*CON(I6) DXT00145
RE I73xTREG(4I*OO2*CONI17) DX TOO150
RI 18l-TREG(4)*TREG(15J*CON(181 DXT00155
At 191-TREG(4)*TREG(16)*CON(19) DXT00160
RE ZOJ.TREG(4)*TREG(I6)*CJN(ZO) DXT00165
R(, 21J-TREG(4)*TKEG(15)*CONEZ1') DXT0O170
Ri ZZ)-TREG(4)*0O*4002*CONEZ2J) OXT00175

RE 3JTREG( -4;*DO*EON2*CON(23)) DXTOOLSO
R( 214).TREG(4 *DDZ*EUO2*CONE24) D XT00185
RE 25)uTREG(dI*DOOZ*EON2*CON(25JJ DXT00190

R( 26)xTREGE4I*DO*E002*CoN(Z6)I DXT00195
RI' 2TITREG(41*TREG(15)*EOOZ*CON(ZT)) DXT00200
RE 26)-TREG(4)*TREGEI5i*EONZ*CON(28)I OXIroozos
RI 29)'TREG(4)*TREG(13).(O*CONEZ9II OXTOOZIO
RI 30OVTREGE41*TREGE10)*CON(30) DXT00215
RE 31)-.TREG4)*-TREG(11)*C0N(3I) DXT00220
RU 32)-TREGE4)*TREG(1Z)*CON(3ZI DXT00225
RE 33IaTAEG(4)*TREG(91*EO*CON(3 3)) DXT00230
RE 34)xTREG(4)*TREGE10)*EO*CONE34)) DXT00235
RI 353=TREG(4I*TREGEI11*(O*CONE35IJ DXT00240
-RE 3632TREG1*TREG(12J*(O*CONI36)) DXT00245
R( 373=TREGE4)*TREGEI2J*EO*CON(3733 DXT00250
RE 381.TREG(4)*TREGI9IC0N(381 DXT00255
R( 39)xTREG(4)*TREG(103*CONE39) DXT00260-
RE 4OJ-TREGI4I*tREG(111*CON(4OI DXTOOZ65
R( 41)-TREG(4I*TREG(12)*CON(41) DXT00270
RI 4ZI=TREG(5I*TREG19)*CGNE42) DXT00275
RI 43laTREG(6)*TREG19)*CON(43) DXT00280
R( 44)xTREGE8J*TREG(9)*CCNE44J OXT00285
R( 45)&TREGE7I*TREGI9)*CUN45- DXT00290
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RI 46)aTREGI5)*TREG(10)*C3N(46J DXT'00295
Rd 47)-TREG(6)*TREG(1OD*CUN(471 DXT00300
Rd 48).TREGI81*TREG1Cl)*CON(48) OXTOC305
Rd 49)uTREGI7)*TREG110)4CONI49) D)XT60310
R U 50)aTREG15I'*TREG(11 )*CO4(5O) DXT00315
RI, 51Ja1REG(6J*TREGf11)*CONI51) DXTQ0320
RC 521-TREG(8J*TREGIII)*C0N15Z) OXr0o325
RI 53)uTREGI7I*TREGI11)*CON(53) DXT00330
RI 54)a*TREG15I*TREG(12)*CON(54) OXT00335
Rd 55)&TREG(6J*TREG(12)*C0N(55) DX700340
RI 561-TREGI8)*rREG(1Z)*CON(56) OXT00345
R( 57)=1REGf71*TREGIIZ3*CDNI57) DXT100350
R( 58)xTREGI5)*rREG(9)*ITREG(14)*CON(58t) OXT00355
Rd 59)xTREGI5)*TREGI9J*(0O2*CON(591) DXT00360
R( 6O)zaTtEG(5J*TREGI9l*ION2*CON(60)) OXT00365
Rd 61).TREG(51*TI&EGI9I*IO*CONI61)i DXT00370
Rd 6Z)=TREG16)*TREG(91*i(*CON(62J) DXT00375
R( 63).rREGI5J*rREGI10I*(D*CON(63) DXTOO38 0
RI 641-TREGI6)*TREGI10)*I0*CON(64)) 0XT00385
RI 65)-iTREGI5I*TREGI11J*(D*CONI651) 0XT00390
RI 661=TREG(6ISTRtEGI11)*ID*C0N166P) DXT00395
'5 67)TREG51*TAEGIZI*ID*CON(67)) OXT00400
R( 68)'-rREG(6)*TREG(12)*I0*CON(68)) 0XT00405
RI 69) iTREG(6) *TREGI l1)*CON((,? DXT00410
,R( 70)xTREG(61*TREGI1l)*CON(7Ol DXT00415
Ri 71)-TREG(6)*TREGI11J*CON(71) DXTI)f420
Rf 72I-TREG(6)*TREGI11)*C0N172) OXT00425
Rd T3iaTREGI8J*TREG(11J*C0N(73) OX 1004*30
A( 74)-TREGI7J*TREG411)*CON(74) 0XT00435
RI 75)xTPEGI6)*TREGI1Z)*CON(75J OXT00440
RI 76)sTREG(6)*TREG(12)*CdNI76) DiT00445
RI 77J-cTREG(6J*TREG(12)*CONI77) OXT00450
Ri 78f-TREGI8)*TREGf12)*C6NI718) OXT00455
RI 79)zTREG(8)*TREGI1ZJ*CON(79) OXT00460
RI 8nl-zTREGI8J*TREG112)*C-ON(80) DXT00465
RI 81'1.TREGI-7)*TREGIIZJ*CON(I) OXT700470
RI 82)-TREGI7)*TREGIIZI*CONI8ZI -DXTO0475
RI -83)=TREGI9)*002*CON(831 OXtOO4SO
RI 84)-TREGI9)*TREGII3l*C0N1S4) 0XT00485
RI 85)-TREG(9)*TREG(15)*CONIB5I OXT700490
-RI 86)-1REG(9J*TREGI17I*C0N(86) D000495
RI -87J=TREGI10P*TREG(13)*CON(871 0X700500
R(- 88)-TREG(11)*DU*CONI885) OXT00505
RI 89)uTREGI1IJ*002*CONIB9I OXTIM00
RI 90)=TREGII1)*TREG(141*CON(90) OXT00515

RI 91)7TREGI11J*TREGI13J*C0N(9[) OXT00520
RI 92fxTREG51*TREG(l5)*CON(92 DXT00525 I
RI- 93)=TREG(5)*TREGI16)*C0N193) DXT00530
RI 94)-TREGf6)*OO*C0N(941 DXT00535
RI 95)aTREGI6)*TREGI15I*C0Nl95J DXT00540
R( 96)UTREiG(6)*TRE&(16)*CON(964 OXT00545
RI 97J.TREG(8)*TREG(16)*C0N447J OXT00550

RI 98)-TREGI7J*YREG(15)*CON(98) OXT00555I
RI 99)&TREGI91*0O*CON(99) OT06
RI 100)aTREGI9I*TREGI 14)* CONIIQOI OXT00565
R(I O1-TREGI 9) *DN2Z*CON.L01-) DXT00570
RI 1O2).TREGI9)*TKE,(1'3)*CO)NIIOZ) X007
RI103JwTREGI 1*00*CON(103) OXT00560

RI1f~ llEI 1)*0N2*CONI 104) DXT00585

4
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R(106)-TREG(l)*D00*I*CONIII) DT09

If107)u63TREiGI9) *DO**CON(10 ) DX6)60

R(-1 I)nTREG(1)*TREGI 14)0 *CONI18) DT00
RI 109)'TREGI 10*N2*OCONII9))-XT0
RI 12")=TREGIIO3TREG(II4)(*CON 1011 001
RI1ZI1sTREG(I 0*RGI*CONiti2) DT02
R(1123nTREG112)*000(*CON(121OTZ62
RI I23IaTREGI12)*TRE02*CONI N(13) 123863
R(1124*-TREGI 53 *002*102*(CI 12433:- DXTOO635
RI U1Z5)3.I !TRE002102 *CON15) ZO4

R(17= IZ63aT *TR EG(13)N2*CONI1Z6 DXT00650

RIk 118)uDO*1002)*0N1481)81DX005

RI 12e)-TREGI 14)*D0'C0N14)CN29 X006
RI 1)=DO*G(0N2*ONII3V3 (111DX00
RI 1213-TREG1113*OCN1131 DXT00675
RI123JuTREGI 11)*TRGI N130I) 0XT00680

RI 1333 =REG~i 14*002*DCON 1333 OXT00690
RI 1343TRETREG REGI 133*C0N1134) DXT00695

RI 1353**i002*CON 15)1 DXT0~0705
RI 129-61D)*0*CN 163) DXT00710
RI 13700D*00N2*C0N1371 DXTOO15
RI 1xEf183O0*D0*C0NI138) DXT00720
RI 13293.00*0024*0N2C0NIj)N12 DXT00725
RI i'43u00*DOZ4*D6*COi1O) 0XT007365

RI ['.)-TREGI 143*O0*G(1*CON(134) pOXT00735

:11RI 143uDO*00*DNZ*CN1371 D*XT00750
RI13)-D002RE(133*I0OZN I143 D XT00760
R(1'40)xDO*TRE2 * 0N2*ON(1'4)) DXT00765
Rf145)UrEG4REG4 I143(*O*C01453 0XT00790
RIrR4142x 14f3N*142*D143* OX1075
R117=G143)*TREGII3)**1 0*CoN4)3 DXrooSOo
R(144)3.TREG310*ONIIN'48)3 I13 OXT00785
RI 14503=iD0*C0N14)*TRE4iI3)O(151 -XTOOSIS
RI 1493=IDO*CO-14533 0*C0N(16 * .XT00810

RI 152)-TC 0fl*C0NI15Z 3R173*D(4))DTOO

R114)100*CON1A)*( TREGN14863 RG(3 DXT00805
R(11)mTREGI14IOO*CN215 IOXT 00840-
RI 0)(*O(16RIIITRGI*c0NG1) DXT008145
R- 5'=*N(157,rRGI4 *TREG(150117 OXT00820
R~I 52)-fDREGII4 )'rREI15.C(18) DXT00825

RI IS93TREGI N14)lEI*C0N(1593 DXTOOS6O5

RI 1563TREGI 143*TREG(13)*CONI 163 DXT00845

RI 161)-00Z*CON11611 OXT60870
RI16ZJ-rREGI 13l*CONI 1623 OXT00875-
RI 163)-TREGII5)*CCN(163) DXrooeeo
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R(164)-TREG1I7)*.CCN( 1641 -0XT00865
RI 165)uTREG( 17)CNI165) DXT00890
R(166)-TREG116)*COM( 166) OXT00895
R(L67)-TREG17)*TREG( 18)*C0N(167) OXT00900
RI 168).TREG(8)*TREG( 18)*CON(168J DXT00905
WRITE0(, 15) OXT00910
WRITE (3.20) TREG(2) DXT009i5
WRITE (3, Z5) DXT00920
WRITE(3#30) DXT00925
,WRITE (3#35) (CON(J)#R(J)oJwIv4) OXT00930
WRtITE(3,401 DXT00935
WRITE(3t30)) UXT00940
WRITE (3945) (CON(J)tR(J),Jw5t7) DXT00945
WRITE(3,5Ol DXT00950
WRITE(3,30) DX T00955
WRITE13,55) (C0NIJ),R(J),J-8,1)rCON(JiR(J),J=167,168) OXT00960
WRITE(3v6O) OXT00965
WRITE(3.3Q) DXT00970
WRITE (3,65) (CON(J)vRCJl*J 16v19) OXT00975
-WRITE(3#70)- DXT00980
WRITE(39,30), DXT00985
WRITE (3975) (CONlJ),R(J),Jx20,21) OXT00990
WRITE3v8O) D0T00995
WRITE(3t3l) OXTOIOQO
WRITE -(3085) (CON4J)vR(.J)vJ2?,,#29) 6XT01005
,WRITE(39901 DXT01010
WRITE13,30) DXT01015
WRITE (3,95) (CON(J)vR(J)vJ-30932) DXT01020
WRITE(3#10l) DXT01(025
WRITE13,30) DXT01030
WRITE-(3,105) (CON(JltRfJ)tJ-33937) OXT01035
WRITEO13110) DXTO 1040
WRITE(39301 DXT01045
WRITE (39'115) (CON(J),RMJJ38#41) OXT010OSO
WRITE(3, 120) DXTOL055
WRITE(3#30) -OXT01060
WRIUTE 13,t12 51 -(CON(J)iRIJ),Jm42,53) OXTOtO65
WRITE (3,130) (CON(J)*R(J)#J-54*57) OXYQOlO7
WR'ITE I3,.13 51 0DT01075
WRITE(3930) DXT01080
WRITE (3,140) (CON(J),R(AJI,58968) DXT01085
WRITE(3, 145) D0XT01090
WRIT El 330) 0XT01095
WRITE (3,150) (CONJI RJ),Jx69vS0) DXT01100

WRITE (3,155) (CON(J),R(JlJmS1,8Z) DXT0)1105
WRITE(3tl60)- OXT0111O 1
WR ITE (3 930 1 DXTOIIIS5
WRITE (3,165) (CON(J),R('-J)JJ83,91) OXT01120
WRITE(3, ITO) OXVO1125
WRITE(3#30) 0XT01130
WRITE (3,175) (CGN(J).R(J)vJz92,-98) DXT01135
WR I TE39 180) RXTOL141)
WRITE(3930) DXT01145
WRITE (3,185) (CON(J)tR(J)J-99,106J DXT01150
WRITE(391901 DXT01155
WRITE(3,30i OXT0116O
WRITE (3,195) (CONIJ)tR(J),J-107,115) OXT01165
WRITE(3t20)) DXT01170
WRITE(3930) DXT01175
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WRITE (3.2051 (CON(J3,RiIJu16,123) DXTOII8O
WRITE (3i210l DXT'31185
WRITE43,30) DXT61190
WRITE (3#2151 (C0NIJ3.R(J)vJml24#I26) DXT011!?S
WRITE(3,2201 OXT01200
WkITE(3r 30 3 DkTQ12O5
WRITE f3,225) 4CONIJ1,RCJ19Ju12791341 DXT01210
bRITE(3*2301 OXT01215
WRITE$#1;301 0XT01220-
WRITZ (3,23513 lCONfJlvRI4lJvJu35,146) OXT01225
WR TE (3,2601 (CON(1473,Rtl4711 0XT0123O
WqITE41,240) DXT01235
'WRITE(3,30) DX701240
WRITE (3,2853 4CONI 1481 ,14833 VXT01245
WRITE (3@245) (CONIJfRIJ),J-I49,160) - XTO1250'
WRITE(392501 DXT01255
WRITE(3#30) DXT01260
WRITE'53,2553 (CON(J),t(J)*J=16191661 DXT01265
kWRITE (3,265) TOTAL OXT01270
WRlTE139290) DXT01275
WRITE (3#2703 PTNOPNOPTOZP-02,PrOPOPTN2tPN2 DXT01280
WRITE-13,29'51 DXT01 285
WRITE(3t2901 OXTOIZ90
WRifi- 13,2753 lJ9RIJltJ-Iv1651 DXT01295
WRITE(3,2801 fJvR(Jl,Js166,I681 DgT01300
TIME=TINE*10.6' !XT01305

10 RETURN DXT01310
15 FORMAT(lHI4,4X28H KINETICS OF THE-iREACTIONS.) D Xt01315
20 FORMATI11N047X74 TIME xlPEl2.5t6H SEC. D XT01320
25 FORMAT(19HOPHOTO DETACHMENT. ) DXT01325
30 FORMAT(6HO0 NO.,15X8HREACTIONI7X16HCONSTANr RATE*6X3NNO.,15X8H0XT01330

IREACTIONtl7Xl7HCONSTANT RATE 1 DX-T01335
35 FORMATI4XI2HI. 02- + HV-,9XIOHw 02 + EvIOXiP2El*3.2r4Xl212. 0- DXT01340-

Ii HV,9X1014' 0 * E,1OXlPZEIO.2/4X243. P402- + HVt9X10H= 1402 4+ EDXT01345
Zt1OXIP2E1O.294X12H4. 03- + HV,9X10H= 03 +,Ev10XIP2EIQ.21 DXT01350I-

40 FORMAT425HOCOLLISIONAL DETACHMENr. 3 :OXTOI 355
45 F0RMAT14XI2HS. 02- + 029X18H- 02 +E + 02,2XlP2ElO.2t4XI2H6DXTOI36O

1. 02- + N2*9X18HO 02 +E iN2&2X1P2EI0.Zf4XIIH7. 02- + 0,10DXT01365

2X17Ha 02 + E + O3XlP2EIO.2f OXT013TO2i 50 FORMAT(25HOASSOC-IATIVE DETACHN~t~T. 3 XT01375
55 FORMAT(4X11HS. 0- + OvlOXIOH. 02 '+ Et10X1P2'EI0.2,4Xl2H9. 0- DXT01380

1+ 02,9XI0H- 03 + E,lOXlP2E1O.Z/3X2410. 0- +Nt10Xl0Nw Na DXTO1385
2E,1OXlPZEIO*293X13HI1. 0- + N2,9Xl0H- N420 -EtlOXlP2EI0.2/3X.314XT01390
312. 0- + NO,9X10H= 1402 + Ev10X1P2El0.2,3Xl3H03.-0- + 03p9X2OHDXTOI395

4- 02 +E +402 IP2E10.2/3X12H14. 02- + N,1OX1OH 1402 + Ev100XTOI'.00'ii XlP2EIO.2t3XI2Hl5. 02- + 0910XI0H. 03 + Et10X1P2El0.2 /3X13Hl670XT01405
6. 03- 4* 091O)XlH- 02 + 02 + E#3XIP2E10.2, 2X134L68. N402- + 0,1OXTOI1I
TOXITH- 02 + NO + E,3XIPZE1O.2) OXT01415

60 FORMAT(23HORAOIATIVE ATTACHMENT. ) DXT01420
'65 FORNAT13X12HI6. 0 + EtLOXIIH= 0- + Hv99X1P2El0.Z,3Xl2HI7. 02 0XT01425

1 + E,IXJIHa 02- + HV,9XIP2EV).2t3XlZHI8'. N402 + Et10XIIH. N402- 0XT011430
-2+ HV,9XIP2EI0.2#3XI2H19. 03 + Et1OX11IH= 03- + HV,9X1P2E10.2) 0XT01435

70 FORMAT126HODtSSOCIATIVE ATTACHMENT. ) DXT01440
75 FORMAT(3Xl2H2O. 03 + EtLOXIIH- 0- + O2,v9XlP!EIO.2v-3X2HZ1. 03 0XT01.445

1 + fi-i0X10H* 02- +O#IDX1P2ELO.2) DXT01450-
80 -FORM4AT(24H0TH4REE BODY ATTACHMENT. '3 DXT01455
85 FORMDAT(3X33H22. 0 + E + 02 -0- + 02v9XIPZEIO.2t3X33HZ3. DXT01460

10 - E + 142 x 0- + NZ,9X1P2EI0.2/3X33H24. 02 +E + 020XT01465
2 *02- + 02,9XlP2ElO.2#3X33H25.-02 + E + NZ2 a 02- + N2,9X0XT01470-
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31P2ElO.2/3X'.2HZ6. 02 +,E + 0 ,=02- + 0,1OXlP2EIO.2,3i33N270XT0I475
4. NQZ + E +02 =N02- +,0299XlP2ElO.2/3X33H28. N02 + E + OXT01480
5N2 N02- +N2#9X1P2EIO.2,3X32H29. NO +E + N NO-' 4 Mt10XT01485
6OXIP2EIO.Z) OXT01490

90-FORMAT(29HODISSOC14T1VE RECOMBINATION. J 0XT01445
95 FORMATI3X1ZH3O. 024 ( EvIOXIOHx 0 + 0,1OX1PZElO.2t3XI2H31. N2.OXTOLSOO

I. + EIoxIoH- N 4:'NI0XlP2EIO.2/3x2432. NO+ + EtlOX1OHu N _Dxro15OS
.2+ OIOXIP2EIO.2) OXT015IO

100-FORCIAT(27HOTHREE BODY RECOMBINATION~,) DXT01515
105 FORMAT(3X32H33. 04 + E + 14 0: * N1OXlP2El0.2#-.X32H34o OXT01520

1024 + E + M4 a 02 + N#1OXIP2ElO.2/3x32H35. N2+ + + 3' DXTO15
2 aN2 + MIOXIP2E1O.Z,3X32H36. NO+ + E + M4 NO + 4, IOXOXTO1530
31P2EI0.2/3X!19H37. NO+ + E -4 N + 0- + MOX14V2EI.21 OXT01535

110 FORMAT1Z6HORAOJIATIVE-RECOBi45NATION. O XT01540
115 FORMAT (3XI21130. 0+ + EPIOXI1Hs 0 + -HY0Xl,?'A0 2.v3X12V09. 02*0XT01545

1 +EvlAXIIAu 02 +HVt9XIP2EIO.2/3X12140. 02i *-E, LX 114- -N2 OXT0155Q
24 IIV#9XIP2ElO.2t3Xl2H41. NO+ 4 EIOXllHw NU HV, ,Xi!'ZVF0.Z) DXT01555

-120 FORNAT(32HIX0N-ION 14UTUAL NEUTRALIZA TION. I. O XT01560
125 F0R14AT(3X13H4,2.-0- + O4,9xloH- C + O,IOXIP2ElO.2v3X13H43. 02-DXT01565

I + O.,9X104= 0Z + 0,IOXIP2ElO.Zi3Xl3H44. N02- + 04,9XI014. N02 OXT01570
2+ OtLOXIP2ElO.2,,3Xl31445. 03- + O+, '9XlO~a 03 + 0,LOXlP2EI0.2/3X10XT0I575
34H446. 0- + 02'0,8Xl1H- a + 02,9XIP2E1O.2i3kI4H4?. 02- + 02+v8OXTOI500
4X11Hx 02 + OZ@9X1P2El0.2/3Xl4H48. NGZ-.+ 024,SXIIH= .02 + 02#9X0XT01585
51P2Et0.293XI4H449. 03- 4-02+*$XllH- 03 + 02#9X1P2E10.2/3Xl4H50. DXT01590
60- NZ+OsX1114= a +zN29,kXLP2El0.2#3X14H51. 02- + N2.,SXI1H- 6iT01595
702 +N2,9XLPZEIO.2/3X14#H52. N02T + N24,8X111F N02 + N2p9XlP2ElOOXTOl600
,8.2,3XI4H53. 03- + N24,SXIIHo 03 + N2,9XlPZEL0.Z)', DXT01665

130 FORMATI3XI4H54. 0- + NO4,8Xl1Hx 0 + NOp9X1PZEI0.2v3XlA455. 02OXT01610
1- + NOI,SXllH= 02 +N0.9X1P2E10O.Z/3XI4H56. N402- + NO.,SXIlH= 0W)X016154
22- , NOv9X[PZEI0.23Xl4l457. 03- + NO4,8XIIH= 03 + NO,4XIP2EXO.20XT01620
3) 0 XT01625

135 FORMAY435HOTHREE BODY 10K-ION RECOMBINATION. D XT01630
140 FOR'4AT(3X32H5S. 0- + 0+ -+- N a' 02 4 N*10XLP -2El0*2v3X33H59. DXT01635

10- + 0+ + 02 a'02 + 02v9XlP2ElO0.23X33H460. -0- + CJ + N20XT01640:
2 .- 02 4- N2v9XIP2EI0.2v3X32H41. 0- + 04 +-0 a 02 * 0.1oxoxTO164S5
31P2E10.2/3X32H62. 02- + 04 + 14 a' 03 + Ms1OXIP.2ElO.2,3X32H630XT01650
4. 0- + 024 + NM 03 + NIOX1P2EI0.2/3X39H64. 02- + 024 4 OXT01655
5M4 02 + 02 + M#3XIPZEIO.Z,3X32H65. O0- + N42+ + M * 20-DXT01660
6 + 4 IOXlP1O.6/3X39H66. 02-' + N2+ + N - 02 + N2 + M,3X1PDXtOI665
T2EI0.2,3x32Hb7.-:O- + NO0+ + N --N02 *N,1IOXLPZE1O.2/3X39H68. OXT01670
602- _' NO+ '- - 02 - _i NO- + M,3XLP2ELO.2) 0XT01675

145 FORNATI44HOION-ION NEUTRALIZATION WITH-REARRANGEMENT..I DXT01680
150 FORMAT(3XI4H69. 02- + N24,8X11HO-NO -+ NOt9XIPZEIO.2 t3X14N70. 020XT01685

1- *VNZ48X101u 1420 4 OtIOXIP2EIO.2/3X4471. 02- + N2*,8Xl014a NODXT01690
22 + N#IOXlP2EZO.2,3X14H72. 02- + NZ4,SXII1a' ZN 4 2099X1P2EIO.20XT01695
3/3Xl4iH73. N402- + N24,BX1IH' 1420 + NOv9XIP2EIO.2p3X.4H74. 03- + NOXT01700
42.,6X1114a N20- + 02,9X1P2EI0 2/3X14475. 02- + NO4,BXIOH 1402 + ODXT01705
5tlOX1P2EIO.2*3X14H76. 02- 4N04,8XIIlH N - + 03,9XlP2EI0.Z/3Xl4HDXTOI7IO
677. 02- + NO4,SXI7a' N 02 + a,3XlP2ElD.2,3Xl4H78. 1402- + 140XT01715
70.,BIOH= N-03 +NIOXIP2E1O.2/3X14H?9. 1402- + 1404.BXl714 NO + ODOXTOI?20
82 + N,3XIP2E1O.2v3X14H80. N02- + N04.SXlIHw 03 + N2p9X1P2El0.2DXTO025
91 DXT01730

155 FORMAT(3X14N81. 03- * NG.,8X17H' 02 +- 02 + Nt3XIP2ElO.Z,3Xl4HOXt01735
182. 03- + NO+98Xl2Ha' 02 * NO2t8XIP2ElO.2l DXT01740

160 FORNAT(Z7HOPOSITIVE CHARGE TRANSFER. ) OXTOJ.745
165 FORNAT43X13HS3. 04 + 02t9Xl2H-= 0 - i 02+r8XIP2El0_.293XI3H84. 0.0XT01750

1,- 4 N0,4X12H' 0- + N04.SXIP2ElO.Z/3XI4H85. 04 NOZ,6Xl3Hs 0 0XT01755-
2 + N02*t7XlPZElO.2,3XI4H86. 0+ -4 NZOSX13Hu 0 + NZ0.,7XlPZEOXtOI76O

-310.2/3X13HS7. 024 + N099A2Hr 02 + NO4,8*1PZE1O.2t3Xl2H88. 1424 0XT01765
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+ O0XIIHv N2 + 0..9XlP2E10.2/3Xl3H89. NZ4 02#9XI2Hz N2 *0XT01770
5 02+,t~XlPEI0.Z,3X12Ii90. N2+ + '~oOXlH-,N2 + N4,9XlP2El0.2/3X1OXTo17.5
63H491. N2+ NO99Y2Hx NZ *NO4,8XLP2EIO.21- DXT01780

170 FORIAT(27HONEGATIVE CHARGE TRANSF:ER. I XT01785
175 FOAF.4AT(3X14H92. -0- + N02t8Xl3H- 0 + N02-@,7X1P2EI0.2,3Xl3H93. DXT01790

10- '+ 03,9Xl2H-= 0 + 03-,6XlP2EI0.2/3Xl2H94. 02- + O#10Xlti,1 0DXT01795
22 + 0-991PE10.2,3X14H95. 02- + NO2,8Xl3Hn 0Z + N02 -,X1P2E1OXTOI800
30.2/3)I3196. 02- +O3,9XLZW 02 + 03-v8XlPZEIO.2,3XI3H97. N02- 0XT01805
4+ 03,9XI2I11 NO2 t 03-v8XlP'-7 0.U3Xl4H98. 03- +- N02,8Xl3H- 03 DXT01810
5+ U02-97X1P2EI0.21, DXT01815

180 FOR1AT(37H0I0N-NEUTRAL ASSOCIATIONA-TWO-BUOY). I DXT01 820

185 "FORI4AT(3X121499. 0+ + 0,10X11Ha 024 + HVo9X1PZE10O,2Xl3Hl00. 040XT01825

1 + N,IQXIIH* NO+ + HV,9XlP2EI0.?/ZXI4Hl0I. 04 + N2,9X1111 N20OXT01830
2+ + HV#9XIP2ElO.2,2X14tH102. 04 + N0,9X11H- NO2+ + HVt9XIP2ElO.Z/0XT01835
32X13H103. 02t + O',IOXIlHm 034 + HVo9XIP2EIO.Z.2XI4Hl04. N24 + NDXTDIS40
42,9X1IHx N44 + HVPZEIO.2/2X13H105. NO+' + OilOXtlHx N02+ + HVDXT01845
51 9X1P2E10.292Xl4HI06. 0- + 02t9X1IIH 03- + HV,9X1PZE1O._2l DXT01850

190 FORMAT139HIlON-NEUTRAL ASSOCIATION MTREE-BODY). I DXT01855
195'FOR14AT(2X3314107. 0f, + 0 4 M 02+ +M,10XIP2El0.2,2X33Hl080XT01860

1. 0+4 N +1 zNO4 + 94IQXIP2E1O.2/2X33HI09. 04 + N2 *0XT01865

2 M4 N20+ M,'1CPXlP2EO.2i2X33Hl1Q. 0+ + NO + x4 NO2+ + MD0XT01870

3t10XIP2EI0.2/2X33Hlfl. 024 + !D N --034+ _+ ktOXlP2ElO.Z,2X0XT01875
433H4112. NO+ + 0 +4 M- NOZ+ + N,10X1P2El0.2/2X33H113. NO+ ' 'OXT01680
SN + M N20+ + M,1OXIPZEIO.2,2X334114. 0- +NO + M NODXT01885
62- + MXOXIP2E1O.2/2X3,3Hl15. 02- + N M N4=102- + Mtl0XlP2E10XT018904
70.21 DXT01895

200 FORMAT13THOCHARGED REARRANGEMENT POSITIVE-ION. V. DXT01900
205 FORMAT(ZX14H116. 04 + NZ,9X10H- NO+ + Nv1OXIPZE1O.2t2X144117. ODXT01905

1+ + NOt9X10H- 024 + NIOXlP2ElO.2/2Xl3H118. 02+ + NtIOX11H= 0+DXT01910
2 NO9X1P2E10.2,2XI4Hl19. 024- + N299X11Hs NO+ + NUv9XIP2EIO.2OXT0I915
3/2X13H120. 024 + Np1OX1OH- NO+ + Ovl0XlP2El0.2t2Xl5HI21. 02+ + OXTO1920

4N02,8X11H NO+ 4- 03v9XlF2EI0.2/2XI3HlZ2. N2+ + 0,1OXION= NO* + OXT01925
5N,lOXIP2E1O.Z,2XI4HI23. 142+ + O249X11H-N40+ 4 0*9X1P21021 OXT01930

210- FORMATI37HQCHARGEO REARRANGEM4ENT NEGATIVE-ION. -l 0X101935
215 FbRP4AT2X34Hl24. 0- + 02 + 02 = 03- + 02,9X)I.P2El0.2,2X35HIZ50XT0194O

1. 02- + 02 + N2 --N02- + N0298X1P2E1Q.2/2XI4HW-26. 03- . N2t9XDXT01945
7*iIH- NO2- + NO,9XIPZE1KZl DXT01950

220!,F0RMAT(30HGOIO0-BOOY ATOk4P ECO14BI NAT ION. I 0XT01955
225 'FdRMAT(2X1312?. C + OtlOXl1Hx 02 + HV,9X1P2E!0.2#2X14Hl28. ODXT01960

1 + O299X11N- 03 -t* HVt9X1P2EI0.2/2Xl3H129. N- -0,OXL1Hm NODXT01965

3/0X14HI31. 0 + 'Nij,95X11H- 402 + HVt9XTLP2EI0.2t2X13H132. N +OXTOI9TS

5V99X1P2E10.Z2X'4H134. N *NO# 9X11Hn N20 + HV99X1P2EIO.2) DXT01985

23 G2,9X1P2E10.2/3.1C +-0 + 02 z N0- + 0 4 NZEI.92512,2XI3OXT02OIO
411a0. 0 + 0 02 + 0 4 O2E.2/2XPZEI/23H1 N 0 + OXTOZ0l

50 * #4 K NO- + MvlOXtP2El.Z,2X33H142. 0 + N42 + 14 k 20XT02020
60 + M,IOX1P2EL.2/2X34Hl43. 0 + NO + 02' NO2 + 02,9X1P2E10XT02025
70.2t2X34HI44. 0 + NO -* N2 - NO2 + N2,9XIPZEIO.2/2X33H4145. NDXT02030
a 1+ N + M4 N 2 + 9,l0X1P2el0.292X33Hl46. N + 02 + M4 OXTOZO35
9- - N02 *,-MtlOX1P2ElO.2) DXT02040

240 FORMAT(2AHONEUTRAL REARRANGEMENT. V OXT024045
245 FORMAT(2X14H149. C + 12o9X10Hx NO + N@IOX1P2EIO.Z,2Xt4HI50. ODXT0205O

1 + NO,9X10Nx 02 + N,j0XlP2ElO.2/2X15H15I. 0 + N02r.8XllH-NDXTOZOSS
20- + OZ,9X1P2El0.Z,2Xl5Hi52. 0 +-N20t8Xlt~z NO + NOt9XIP2ELODXIO2O60
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3.2/2XI5H153. 0 * N20,8)ZIIH- 02 + N2,9X1P2EQ.2,2X141154. 0 DXT02065
4 O3XlHa 02 + 02,9XIP2EIO.2/2XI4H155. N + 02,9XIOhx NO DXT0Z070
5+ OIOXIP2EIO.2,2XI4H56. N + NO,9X1OH= N2 + O,IOXIP2EI0.2/ZXDXT02075
615H157. N + NO2,8X6tH- N2 + O2,9XIP2E0.2,2XI5H158. N + NODXTO2080
72,8XIIH- NO + NU9XIPZE1O.2/2XI5H159. N + NOZ8XIOHn N20 4 ODXTO2080
8,OXIP2E10.2,2XI4HI60. NO + 0399XIIHs 9NO2 +O2,9XIP2E1O.2) OXTZ000

250 FORMAT(ZIHIPHOTO OISSOCIArION. I DXT02095
-255 FORNAT(2X14H161. 02 + HV,9XIOHU 0 0 OXLPZE1O.2,ZXI4H62. IiDXTO2100

10 + HV,9XIOH= N + O9IOXIP2EIG.Z/-2X14HI63. NOZ + HV,,i10H" NODXTO2105
2 + OtIOXlP2EIO.ZtZX 4H164. N20 + HV,9XIOH" N2 + OLOXP02EIO.2OXTOZ11O
3/2X14HI65. N20 + HVt9XIIH--N + NO99XIP2EI0.2,ZX14H166. O3 O DXTOZII5
4HV,9XIIH= 0 *+ 02,9XlPZEXO.ZI OXTOZ20

260 FORMAT(2X33H1!7. N + NO + M * N20 + Mt1OX1P2EI.2) DXT02125
265 FORMAT(ISHOSOURCE FUNCTION -IOIEI2,#520H ION PAIRS/CC/SEC. I OXT02130
270 FORMAT(6X9HNO + HV,7XlOH- NO+ + ErXIPZEIO.28X9HO2 + HV,7X1OXT02135

1H' 02+ + ETXIPZEIO.2/6X9HO + HVTXIOH= 04 + E,7XIPZE10.2,8XOXTO214O
:29HN2 + HVTXIOHu N2i + ETX1P2E10.Z ) 0XT02145

275 FORNAT(512X2HR(,13,2H)IPE14.7)) DXTO2150
280 FORMAT(3(2XEHR(,13,2H)IPEI4.T)) OXTO2155
285 FORMAT(2X35HI48. hO +02 + NO - N02 ' NOZ,8X1P2ELO.2) DXTO2160
290 FORMAT11 DXTO2165
295 FORMAT(IHO,41HRATES AT WHICH .REACTIGNS ARE PROCEEDING. I DXT02170

END DXT02175

7.2.1.1 Input Parameters

CARD 1 No change.

CARD 2 In addition to EUBAR, ELBAR, and DEL, there-is-a
parameter B4 which is the maximun allowable per-
centage change in the production rat:e per step.
Should the change in production oveij, the next inte-

gration step attempt to exceed this amountj the main

program will reduce the integratingotincrement until

this requirement is satisfied. Thisicontrol is neces-

sary to-prevent any difficulties that-the code might

experience in performing the integrittion, especially
around sunrise and sunset when the~rate of produc-

tion of ionization is undergoing its most rapid change.
The variable ENDT is replaced by the variable ENDIIR.

ThLts parameter is set to the total number of local
hours over which a-solution is to belgenerated. These
hours are counted continuously froni the midnight pre-
ceeding the lecal hour at which the computations are

started.

CARD 3 No change.

L~~
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CARD 4 In addition to ALT, D, D02, DN2, and T this card

contains the following parameters:

(1) BAR = the earth's radius in centimeters.

(2) DECL = the solar declination in degrees.

(3) CLAT = the latitude in degrees.

(4) B6 = the noontime ionization rate of 09

by Lyman beta.

(5) B7 = the noontime ionization rate of NO

by Lyman alpha.

(6) B8 and 1B9 = the constants -for the linear approxi-

mationto the photodissociation rate coefficient for

O2 . This approximation is written in the form

K -B8 - B9* (solar zenith angle). Tile linear approxi-

mation is determined by solving.the integral 00X2- a.f (2-ds
k(X) = N(0 2 ) a~ d (2) 0 ),(A *e I- ()ddX

for various values of X. The constants are

120 km B8 = 4.2X10
5

B9 = 2.88X10"

110 km B8 = 3.6X10
- 6

B9 = 4. 19X10 6

CARDS 5-7 The last value read on these cards (ATIME) is the local
hour in secends at which the solution is to start..
ATIME = 0 is midnight.

-CARD 8 No change..

A The photoionization rate tables, as computed and punched-externally by the

photoionization program, are read following- CARD 8.

7.2.1.2 Output

In the diurnal variation code two additional parameters-appear in the output.

These-are the local solar-time in hours and the value of the solar zenith-angle at

this time. Because of the -ii'clus ion of these parameters in the output, another

auxilliary output tape is-required. On tape 6 are written the time -in seconds, the
+ N+

concentrations-of electrons, 0 0 2 -, 03, NO 2 , 0 and the local-t;n in

hours. Tape 1 contains the time in seconds, -the -concentrations -of NO+, NO , N,

-_- __ 7I777III7'
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NO2 , 03 , N2 3, 0, the value of the production function and the local time in

hours. Tape 4 is the added auxilliary tape and-contains the times in seconds, the

concentrations of 02 and N2 , the-settings of the KEY switches, the local time

in hours, and the solar zenith angle in degrees.

7.2.1.3 The !olar Zenith Angle

The main program computes the angle of grazing incidence CIMAX which is

the angle at the altitude in question between the zenith and the tangentzto the earth.

x max ir-sin' (.R )

where R is the radius of the earth and A is the altitude. The sun is assumed to

subtend an angle of 0. 5° . Therefore, sunset first contact occurs when

X Xma-.0.25o
X max.

and last contact occurs when

X = Xmax + -0 . 2 50

The solar zenith angle X is defined by

cos X = cos 65cosa cos0 +sin6sin

Frum thisthe time in seconds corresponding to any zenith angle X is

t = Cos 1 I cos 5cosi " 1.3751X10 4

During the daytime portion of the solution the-code keeps the rate coefficients

for photodetachment and-photodissociation at fixed constants except for the 0

photodissociation which is computed according to the linear approximation pre-

viously discussed. During the nighttime portion of the solution, these rate, con-
stants-are set-tO-zero.- During sunrise and Sunset the rate c-oefficients-for phot-
detachment and photodissociation are both increased or decreased according to

the transmissivity percentage computed by the subprogram SUN.

The following statements, beginning on page 102, are a listing of the main

program DIURN.

i
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$IBFTC DIURN L 1S- DI UROODO
C DIURNAL VARI'ktION OF ATMOSPHERIC SPECIES AT ANY LATITUDE. OIURC005
C SOLUTION OF THE REACTION-RATE EQUATIONS IN THE 1UNOSPHERE FOR 15 SPEDIUROOIO
C IES AND WITH 168 REACTIONS. DIURO')15
C KBImO FOR LOG OUTPUT. DIUR0120
C KBIal FOR DECIMAL OUTPUT DIUR0125
C K82aO PRINTS HISTORY OF-THE REACTIONS. - DIUR0030
C K82%1 DOES NOT PRINT HISTORY OF THE REACTIONS. DtUR0035
C KB3w0 PRINTS HISTORY AFVER:EVERY SUCCESSFUL INTEGRATION. DIUR0040
C -KB3al PRINTS HISTORY ONCE FOR EACH DECADE OF TIME. DIUR0045
C KB4uO -HALTS ON ERROR. DIUR0050
C KB4-1 READS ANOTHER- POINT CARD AFTER AN ERROR. DIUR0055
C IPLOTQ DOES NOT MAKE A PLOTTER TAPE. 0 IR0060
C IPLUT-1 MAKES A LOG- PLOTTER TAPE. DIUR0065
C B4sALLOWABLE PERCENTAGE CHANGE IN PRODUCTION PER STEP. OIUR6070
C B6-NOONTIME LYMAN BETA 02 IONIZATION) DIUROG0T5
C B?=NOONTIME Lff1AN ALPHA NO IONIZATION. DIURO08O
C 88 AND 89 ARE--'HE CONSTANTS FOR 02 PHOTODISSOCIATION APPROXiMAT-IONDIUROo85
C RATE CUEFFIC-IENT=B6-B9*CXI 0 IUR0090
C UNITS OF INPUT PARAMETERS ARE CGS. DIUR0095
C 01 URO 100

COMMON -TREGI15)htUNZI73I, KEYII5boFCRMCL5),REMv(153,R(200-),LKEYII5D-IUR01O5
119UOI73) , CONIZOCIBEGIN(17),LOCK(15),XO2(73),X0C73),XNZ(731,XNOIDIUR011O
'2731,XNE(731,ANGL(73htUO2(73b9COBIIO) DI0UR0115
COMMON NUMBEUBARELBARDOOZCIMAXDNZT, PNEtPNOPOZ,9POPN2.TOTA,91URO120
1L 9JAKEt JAMXITER #ALT tLAMt TI MEKB3 vAT IMEtEAR# OTIME,9CXI tSIND 9COSDPJUGL%1UR0125
2fTlMEXITEM.PX02.PXO,PXN2.TOTOTOTNB6,87,DELLINTvJACKt-lZNT ,K2NTOI 'UR0130
3J2NTN2NTFIRSTIFAlLJIP.B8,B9 DIUR0135
DIMENSION DONTI2ObtTTREGCZ01hTITLE(121bHED(12)SIGM(3C),10(30) DIUR0140
DIMENSION CRTNO(152,CRITN(15),A(168)tB(168htC(160),G(1681,ALF(7)tAOIUR0145

I1(69J.AZ(69JvA3(3Cl DIUR0150
C DIURnI55
C THE FOLLOWING DATA ARE THE AtBAND' C$S FOR THE RATE CONSTANTS. DIUR0160
C -D1URO 165

DATA Al/ 0.44E*A0,1.4~0flO9.04E+flQ.O .04E+OO9.OOE-15,3.60E-16, DIUROL70
13.60E-16.l.O')E-13,1.OOE-13,l.OOE-13,1 .OOE-13,1.COE-13,l.OE-13. DIUR0175

31.QOE-l1,1.QOE-31,91.OO)E-31,1.4OE-31,5.80E-33.l.90E-331 6.OOE-28, -DIUROL85
44.OPE-29,0.OOE-00,6.OE-')5,9.DOE-05t1.50E-04,1.ODE-24,l.OOE-22, DIURO190'15 5l.'fl-22,LV.0E-22-1.l.0E-23,.20E-0,.Q0E-1Z#1.0OE-1ZPl.0OE-l29 DIUR0195
65.OOE-O?,-5.0OOE-07,5.OOE-O7,5.OOE-07-5.OOE-07.5.OOE-07,5.OOE-07, -DIUkQZOO
75;flOE-07,5.OOE-07,5.OOE-07,5OflE-07:5 .OOE-07,5.OOE-07,5.OCE-07, DIUKf*205
85.OOE-07,5.OQE-Q7,l.COE-23,1.00E-23,l .nE-23,l.O0E-23,l.00Ei-Z3* OIUR0210

DATA AV/ 1.OQtE-13,1.OOE-13,O.OQE-0,1.OOE-13,lOOE-13,1.OOE-11, DIUR0220
ll.OQE-l l.O0E-13,QaVOE-00,i.OOE-13,1 .OOE-13d'.OOE-13, L.OOE-13. 01UR0225
Z4.OflE-11,2.4OE-IlL..fOE-O0,#O.QOE-00,8.QOE-LQ10l.OOE-12,1.O.OE-1, 0IUR0230
30.OOE-0O,5.OOE-12,1.OOE-0991.OOE-09,1.0flE-12,l.OOE-09,l.OOE-Og. DIUR0235
41.OQE-09,1 .OL E-9,.POE-16,l.OOE-18,O.QOOE-0O.O.OOE-OO,0.COE-00, DIUR0240
50.C0E-0.Q.COE-00.1.'OE-15, l.OOE-Z9,l .OOE-29,O.OOE-O.0.OOE-CO, DIUR0245
6.0QI)E-OO,0.00E-f)OO.O0E-0D,1.OOE-30 .1.OOE-30,3.OOE-12,3.QOE-12, DIUR0250
73.OOE-1Z91.OOE-l,1e80E-1Otl.O00E-11,Z.5flE-10td.0OE-lll.O0E-28, DIURQ255
81.00E-34,1.OE-l1,1.C0E-21,1l.OOE-1,2.OOE-17l.0E-2,6.40E-1, DIURO26O
91.'OE-Z4d1.OOE-ZZ,1flOE-22,5..OOE-32 ,2.OOE-31,95.OOE-32,3.20E-35/ DIURA265
DATA A3/ 2.60E-3596.50E-34.2.OOE-31,2.OIE-33,3.OOE-33,4.50E-33, 01URt0270
13.OOE-30o.0 OE-33,1.O!OE-33,O.OOE-O0,-.1QE-1O97. LOE-VT.#3.OOE-11, D1UR0275
22.QOE-l0,5.0OOE-11,5.CQOE-l0.3.OO)E-1692.50E-11,Z.OOE-13,4.OE-12, 01UR0280
-32.OQE-Il ,8.OOE-13,5.OOE-06,6.OOE-08,3 .OOE-03,4.08E-07,5.58E-08, OIUR0285
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45.34E-03, 1. OOE-13 I .OOE- 13/ 0 !URO290
DATA 8/4*f.O3*Z.0,16*0.O,3*O.5,3*0.0,3*-L.0,5*-1.5,-O.7,3*0.1t6*DIUR0Z95
1-05.1*-1.5,55*0,0,-1.O,1O*0.0,3*-0.593*O.0,-0.5.3*O.O,-l.O,4*O.ODIURO3QO

2#1-v4*nl)#I5tl30.V/DIUR0305
DATA C/4*0.O,3*5.1E3,O.0,4.7E3,11*O.O,7.2E3,47*0.O,3E3,2*0.O,1E4, 701UR0310

l*C.0,5E3,37*0.0,92E3,3E3,3*0.fl,3.5E3,O.O,5E3,4E31ll*0.O,2*-9E2#2*O.D1UR0315
2O,2E4#2*-9E2,0.0,3E39IE4#0.0,3.75E4,l.9E4t5.3E2tl.4E4tl.35E4,2.8E3DIUR -320
3,6.6E3,G.fl,7E3,Z*Q'.Oti.ZE31 8*0.O/ DIUR0325

C DIUR0330
C INITIALIZATION OF SYSTEM AND INPUT. 01UR0335
C DIURO340

REWIND 0 DIUR0345
REWIND L DIURQ350
REWIND 3 DIUR0355
REWIND 4 D1UR0360
REWIND 8 DIUR0365
CHI = r.E- 10 0IUR0370
NOCOM2168 DIUR0375
ENDE-0.0 DI URO380-
ITER=30 DIUR')385
KB6='1 DIUR0390

5 WRITE(6,63l1 01UR0395
READ159675) (TITLE(NIN=1#12I OIUR0400
WRITE(6t680) (TITLE(N1,N-191Z) DIUR')405 V
WRITE(397601 IrITLE(N1,N=1,121 DIUR04LO
READ(5,6251 EUBARiELBAR#OEL#84,ENDHR D1UR04l5
REAO(5,6401 NOC DIUR042n
IF(NOC .EQ. 0) GO TO 30 DIUR0425
WRITE(6#7551 DIUR0430
Da) 25 JsINOC DIOR0435
READ(5i7251 I,G(I JB(I C(1),IA-LF(NlN-1.7) DIURO44O
AMI .GT. 691 GO TO 10 DIUR0445
A1(1 11611) DIUR0450
GO TO 20 DIUR0455

10 IF(I .GT.,138) GO TO 15 D 1UR0460
AZI1-691-Pill, DIUko465
GO TO 20 DIUR0470

15 A3(i-1381=G(11 DIUR0475
20 WRITE(6,7251I#lG(Il,8(IIC(I),(ALF(N)vN=1,7) DIUR0480
25 CONTINUE DIUR0485
30 READ(5,6251 ALTtDDOZDNZTEAReDECLCLAT,86,BI,8,B9 DIUR0490

C ATIME IS TIME OF DAY IN SECONDS. AT WHICH. THE PROGRAM WILL START. OIURfl495
C ATIME-O IS MIDNIGHT. 0 IURfl500

READ(5t6251 iBEGlNlJtj1151,-ATIME DIURD505
READ(5,745) KBLPK82,KB39KB491PLOT DIUR0510
REAO(5,740) (HED(J1,Jultl2) DIUR0515
READI 59620) IUO2IJ),UO(J ,UN2 IJI XNOIJI, XNE(JI, ANGL (JIXO2(J 1.XO(JID IURASZO
I ,XN2(J1 ,SCRAY#i=1 .73) DIURb525
TIME=I.OE-6 0 1UR0530
KOUNT20 DIUR0535
MOUNT-0 DIUR05-40
KNT=O DIUR0545
JAKE-1 DIUR0550
JACKwI DIUR0555
LAMI6 D 1UR0560
KIOTwO 01UR0565
I TEM-0 -D1UR0570-
jIpuI 01UR0575
JUGwI DIUR0580



104

OAYul.6 DIUJR0565
N0AY~zO DI.UR0590
DT IME-ATIME DIUR0595
160=1 DIUR0600
TIMT-4.32E4 DIUR0605
no035 J-1,150 DIU 'R061O

35' TREG(J)-O,-Q DIUR0615
NUMB=15 0 1UR0620
L',NT-((2*NUMBl+4) OIURQ625
I 2NTi- (3*NUKB) .4) OIUR0630
KZNT-( (4*NU IMB) #4) OIUR0635
J2NT=( (5*NUMI3)#4) DIUR0640
NZNT-((6*NUMB)#4) DIUR0665
00-4O Jx1,NUMB DIUR0650
TTREG(J,3)*O.O DIUR0655

LOCK(J)'0 0D1UR0660
40 KEYU3.-l 0 LUR0665

nECO=OF.CL*fl.01 745329 DIUR0670
CLAO=CLAT*Q .01745329 DIUR0675
CUS0uCOS(DECQ) *COS(CLAO) DIUR0680
SIND=SIN(DECO) *SIN(CLAO) DIUR0685
CIMAX=3. 14159Z6-ARSIN(EAR/(EAR#ALT)) D I UR0690
CIMAD*57.295779*CIMAX DIUR0695

CIMAPeCIMAX-4.3633231E-3 OIUR0705
CIMATCIAX'4. 3633231E-03 DIUROTIO
IF(CIMAP .GT. CIMID) GO TO 45 DIUR0715
IF(CIMAT *LT. CIMIO) GO TO 50 DIUR0720
KSKPz3 DIUR0725
GO TO 55 DIUR0730

45 KSKPsl OIUR0735
GO TO 65 DIUK0740

C nM-KSKP-2 TO0 UR0745
CTMIS SECONDS FRMtNT OCMP(ONT USTFRTCNAT. DIUR0750
55 TIM-ARC0S((COS(CIMAP3-SIND)/COSD)*1.3750987E4 DIUR0755

IFIKSKP .EQ. 3) GO TO 60 DIUR0760
TOMxARCOSI ICOS(CIMAI )-SINDFICOSD)*1.3750987E4 DIUR0765
DARK-8.64E4-2.0*TOM DIUR0770

6n SILLY-TIM44.32E4 -D UR9775
65-CALL INITAL DIUR0780

C COMPUTE RATE-CONSTANTS IN THE FORM K-A*(T**f32*EXP(-C/T) DIUR0785

DIUR07'90

5 Kl D1UR0795
00 70 Jsl,69 0 1UR0800
A(K)=A3IJ) DIUR0805

80 K-K.1 01UR0840
D0 85 Jxl*69CO VIUR0815

85AO(IA(J) DIT*I))EX(CJ/)0UR0820
C 5 K01IDUR0825

00 8A Jxl,40 0 1UR0830
9C ()=CN(J) DIUR085
80 161~ 0 UR0840
00 95 J510kc OIUP.0875

85CNJV()(*BJ)EP-()T -DIUR085-----

-. -- UR- , _55~
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COB(J3=CON(M) DIUR0880
95 MxM+l DIUR0885

C PREPARE OUTPUT TAPES AND WRITE RATE CONSTANTS AND INMTAL DIUR0890
C CONDITIONS. DU09
C D IUR0900

WRITE(6,635) ALTDT DIUR0905
-WRITE(6t650) DECLCLATCII4AD DIVRO91f)
WRITE(6,700) DIUR0915
IS-1 D IURO9ZO
00 1on j-1.15 D1UR0925
IT=ISi-5 0 IUR0930
WRITE(6,6851 (IqA(13 ,I=IS,IT) DIURI935
WRITE(6o7n5i (ItCON( I3,I=!S,ITI 0 1UR0940
IS=IS+ 6 DIUR09145

100o CONTINUE DIUR0950
IRITFJ6,735) DIUR0955
00,1o5 J-1913- DIURO96n
1T1 S+5 DI1URC965
WRITEI6t6851 (I'pAU3.IxIS,T) 0 UR0970
WRITE(6t7nl (I'iCCNLII,I=ISIT) DIUR0975
IS=[S+6 -DIUR0980

105 CONTINUE DIUR0985
WRITE(696451 DIUR0990
ATIM=ATIME/3600.0 DIUR1995
IF(KB1 .EQ. 01 GO TO 110 DIURIOQO
WR!TE(6t730) TREG(2IITREG(Jl#J=4.1I),ATIN4 DIURI'305
WRITE(Il TREG(2),dTREG(J3,J=12,I8)hTDTAL,ATIM -DIURLOln
MOUNT=MOUNT+l DIURIALS
GO TO 145 DIUR1020

110 M=NUMB.3 D1URI(025
DO 1-25 j=2,IM DIUR1030
DEC=TREG( J) DIUR1035
IF(OECI 580,115,-120 DIUR1040

115 DONT~i)io.0 DI UR 1045
GO TO 125 DIUR1050

120 DONT(JI=ALOGIO(DEC) OIUR1055
125 CONTINUE DIURL06O0

IFITOTAL) 580,130,135 DIURIA65
130 DPROD-0.11 OIUR1070

GO TO 141 DIUR10)75
135 OPROD=ALOG0(TOTAO' DIUR1080-
140 bRITE(6,730) D00NTI23,(DONT(JhvJz4,113,ATIM DIUR1085

WRITEMI DONT(23,(DONTIJ3,JIZ,9182,DPRODATIM DIUR1090
MOUNT=MOUNT+l DIUR1095

145 IF(TREG(3) .'Lt. 1.8E3) GO TO 150 DIURILOV
TREG(31=9.OE2 D IUR1105

150 GO' TO J155,160*235),KSKP 61UR1110
155 TESS=8.46E4*DAY DIURLIVS

MFATIME *LT. TESS) GO TO 265 DIUR112A
DAY=DAY4 1.0) DIUR1125
N6AY=NOAY+l D IUR1130
GO TO 265 01UR1135

160 TESS=ATII4EtTREG(3) DIUR1140
IF(TESS-SILLY) 2659180,165 0IUR1145

165 GD TO (1-7n.185,le5,2Q5,215,215l,JIP DIUR1150
170 TREG(31=ISILLY-ATIME) DIUR1155
175 jIPu2 DIUR1160

GO TO 265 DIUR1165
180 GO TO (175,175,2l10t2I0)*JtP DIURLI170
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165 CXI -ARC0S(COSO*COS(7.272205ZE-5*( AT1ME4.32E4) +SIND) DIUR1175
IF(CXI .GT. CIMATI GO TO' 190 OIURI 180
IF(TREG(31 *LT. 10.0) GO TO 265 DIUR1185
TREGM3)10.O DIUR1190
J IPa3 DIUR1195
GO TO 265 OIUR1Z0O

190 SILLYnSILLY+DARK DIUR1205
D0 195 Jxl,4 DIUR1210

195 CON(Jlal.O DIURI215
DO 200 Ju1619166 DIUR1220

200 CON(J)*O.n OIUR1225
JIPx4 01UR1230
NOAYuNDAY+ I DIUR1235
CO0T0265 01UR1240-

205 TREG(3)x(SILLY-ATIME) DIUR1245
Z10 JIP25 DIURAZS50

GO r O 265 0IUR1255
215. CXIwARCOS(COSO*COS(7.272Z052E-5*(ATIME,4.3ZE4))14SIND) DIUR1260

IF(CXI .LT. CIMAP) GO TO 220 DIUR1265
IF(TREG(3) *LT. 10.0) GO TO 265 01UR1270
TREGM3)10.0 DIUR1275
JIP-6 DIUR1280
GO TO 265 DIUR1Z85

220 SJLLY-SLLLYG(8.46E4-DARK) DIUR1290
JIP-I DIUR1295
00 225 J=1.4 01UR1300

225 CON(JI=A(J)*IT**B(JI I*EXP(-C(JI/TI DIUR1305
00 230 Jz161,166 DIUR1310

230 CONIJ)sA(JI*(T**BIJ) )*EXP(-CUJ)/TI DIUR1315
GO TO 265- DIUR13ZO%

235 -TESS-ArIt4E+TREG(3) DIUR1325
IF( TESS-SILLY)- 265,245,240 DIUR1330

240 GO TO (245,255#2501,JIP 0IUR1335
245 -REG13) -I S!LLY-ATIME) -D1!R 1340

j1Pz2 b0- 1i3 4 5
GO TO 265 DIURI35'

250 CXI=ARCOS(COSD*COS7.27225E-5(AT1e4E+4.32E4) StSIND) OIUR1355
IF(CXI .LT. CIMAP) GO TO 260 D1UR1360
IF(TREG(3 .LT. 10.0) GO-TO 265 DIUR1365

255 TREG(31-10.' DZURI370
~JIPx3 DIUR1375
GO TO 265 DIUR1380

260 SILLY"!'iLLY*8.46E4 DIUR1385
J1P31 D1UR1390

265 00 270 K-1,NUM8 DIUR1395

CFAL 28L 30G28 01UR1410

GO TO6 300 DIUR1425

__ _ __ _ _ __ __ __ _ _ __ __ _ _ __ __ _
C________ INERTO OF EQUATIONS STATSHER--UR43

C DIUR144
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29n :F(IFAIL) 295,300,295 DIUR 1470
295 JIP.4 DIUR1475
300 CALL BALAN DIUR1480

ATIMEcAlI ME+ITREG(31/Z.01 DI UR 1485
CHI 0%57.295779*CXI DIUK1490
IFITREG(31 *NE. 2.(%E-6) GU To 3nl5 OIUR1495
KLO T KLO TI~ DIUR1500
[F(KL~r .GT. 1I GO TO 31'1 DIUORI505

305 KLOT=O QIUR1510
ATIMsATIME/360n.0) OIURIS15
GO TO 313 DIUR1520

310 WRITE(69690) OIUR1 525
GO TO 585 0 IUR 1530

315 IF(KB1 .NE. 0) GO TO 320 DIUR1535
DDO2sALOGI0(DO21 OIUR1540'
00NZxALOGI0ON2) DOR1540
h RITEU41 DONT(Z) ,DD02,ODN2,(XEY(J),JzINUM8IATI4,CHID DIUR155l
GO TO 325 01UOR1555

320 WRITEM4 TREG(2),DU2,DN2dIKEY(J)J1,NUMI.AtIM.CH1D- DIUR1560
325 KOUNT=KOUNt.1 DIUR1565

00 330 J-1,NUMB -DJUR1570
330 LKEY(J)sKEY(J) DIUOR1575

K-jAKE DIUR1580
GO TO (335,570#575)tit DIUR1585

335 JACI(=Z DIUR1590
KIND-1 DIUR1595
CALL SLOPIKINDI DIUR1600
KINO=Z 01UR 1605
CALL SLOPIKINDI 'DIOR 161 A
N2=LINT DIUR1615
00 340 -In1,NUN8 DIUR1620
CRITN(11a2.Q*ABSI(TREG(NZI-TREG(1t3)/TREG(311 DIUR1625
CRTNOI I)zREMV(II*TREG(1t3) DIUR1630
WN221 DIUR1635

340 CONTINUE DIUR1640
CRTND( 10JxCRTND(IC)'PNO DI UR1645
CRTNO( 15)-CRTNO(15)i+P0 DIUR1650
D0 360 Jl;.!NUMS DIURJ1655
IFI'CRITNJ) .Gj. 1.OE-3) GO TO 345 DIUR1660
IF(ABS(1,0-(FORM(JI/CRTNU(IJI) .GT. DELI GO TO 350 DIUR1665

345 IF(CRTNO(J) .EO. (.0) GO TO 360 DIUR1670
IF((CRITNIJ)/CRTNO(J)) ILT. DEL) GO TO 355 DIUR1675

350 L0CK(J~u=0 OIUR1680
GO TO 360 D[UR1685

355 LOCK(JIxLOCK(J)+l DIUR1690
36e) CONTINUE OIURI695

00-380 J=1,NUMB OIUR1700
IFCKEY(J-31 365,380,380 01URI705

36.5 IF(LOCK(JI-31 3709,375,375 DIUR1710
370 KEY(J)=1 DIUR17151

GO TO 380 DIUR172uO
375 KEY(J1x2 DAUR1725 V
380 CON(INUE D10R1730

JACK-2 DIUR1735
00 385 J-1,NUN8) DIURIT4O
IF(KEY(JI .GT. 'J~ GO 10D 385 DIUR 1745
[FL TREG(J+3)- .GT. TTSqfG(J+3)1 GO TO 385 DIURI750
IF(-TREG(J+3I .GI. CH1'i GO TO 385 DIUR1755
KEY(J-)s3 DIUR1760
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TR1EGIJ'3)=O.O 01Ui&1765
385 CONIINUE 01URI?70

KF(PNE) 405*390,'405 PIUR1775

390 IF((,TREGI41/BEGIN(I)l-l.QE-3I 395t,4059405 DIUR1780

TREG(J4-3la0.0 OIUR1790
400 KFYIJI'3 01IUR13795
405 DO0 410 J-1,NUMB OIURIB00
410 TTREG(J43I-TREG(J+31 DIUR1805

01UR1810
OUTPUT OF RE.SULTS STARTS HERE. DIURIS15

IF(KNT-50) 4Z0o415,415 DIUR18Z5
415 WRITE(696451 DIUR1830

KNT * 0 DIURIS35
42O KNTsKNT.1 DIUR1640

ATIMsATIME/3600.0 DIUR1845
IF(KBI: .EQ. 0)) GO TO 425 0 16R 1 350
WRITE(6,7301 TREGI2I,(TREG(-J)tJ=4v11)vATIM DIUR1655
W4RITE(I3 TREGIZI,(jREG(JIJul1ZithTOTALATIM DIUR1860'
GO TO 460 DIURIS65

425- K!NUMB43 OIUR1870
00 440 .I*Z*K DIUR1875
DECwTREG(I DIUR1880
IFIOEC)' 580,430,4. 01 UR13885

430 DONT(JI=0-.0 DIUR1.890
GO TO 440 DIUR1895

435 D0NT(J)xALOGIO(DEC) DIUR1900
440 CONTINUE DIUR1.905

IF(TOTAL) 580,445,450 01 UR 1910
445 TOTLuO.n DIUR1915

GO TO 455 DIUR1920
450 TOTL-ALOG1OITOTAL) 01UR1925
455 WRITE(6,?301 OONTtZ),IDONT(J)tJ-4t11)9ATIM DIUR1930

WRITEMl DONTIZI ,(OONT(J) ,J=12, I8hTOTLAT1M4 DIUR1935
460 CALL PLOTIIPLOT) Of UR1940

MOUNT=I4OUNT+ 1 DIUR1945I4t.5 IF(ATIME-TIMT) 475,410,470 01UR1950
470 TIMT*TIMT+4.32E4 DIUR1 955

CALL~0 DUTIUR13960
D1UR1965

DECISION TO CONTINUE INTEGRATION OR STOP [S MADE HERE. O[UR1970
DIURft1975

'475 IF( TREGIZ.'. .LT. 1..0) GO T0 500 DIUR1980

40GO TO (480,4853,100 DIUR1985
48n 1G0=2 DIURI99n

SAVE-TREG(2) DIUR1995
ICNT-1 DIUR2000
GO TO 500 DIUR2005

485'IF(ICNT *GT. 50) GO TO 490 OIURZQIO
'ICNT-ICNT+l DIUR2015
GO TO 500 DIURZ22

490 IFUiTKEG(21-SAVE) *GT. 1.0) GO TO 495 DIUR2025
WR IT E 6,710 DIUR2030
GO TO 585 DIUR2635

495 IGO-1 DIUR204P
4500 IF(TREGI4I *LT, ENDE) GO TO 585 DIUR2045

505 IF(ATIM *GT. EN0HR, GO TO 585 DIURZ050
DIUR2055
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C -TEST'SYSTEM CLOCK FOR IMMINdENT TIMER OVERFLOW. DIUR2060
c DlUR-2065,

510 CALL CLOCK 0D UR Z070
CALL SLITETI4tK0OOFXJ DIUR2075
GO TO (SI5,5201,K00nFX 01UR2080

515 ILK-2 DIUR2085
GO TO 585 DIUR2090

520 BiGu'AMAX1ITREG(4I ,TREG(5)tTREGI6)tTREG(7)tTREG(8)I OIUR2095
00 '525 J=1, 5 DIUR2100
IF(BIG .EQ. TREGIJ+3)) Go TO 530 DIUR2105

525 CONTINUE DIUR2I 10
530 IF(J-LAMI 535#5409535- -DIUR211
535 KEY(LA143=1 DIUR2120

JACK~l DIUR2125
540 LAM=J 01L'R2130

KEY ILAM)=4 DIUR2135
STO T=TOTAL OIUR214O

545 TREG(21=TREG(2).TREG(3) -DIUR2145
CALL PRODLJC DIUR2150
TREG(2)zTREG(2)-r'RC'Gl31 DIUR2155
IF(TOTAL-STOT) 55(l,145,555 0IUR2160

550 RATIOsSTOTYTOTAL 01U URZ165
GO TO 560 DIUR2170

555 RATIOsTOTAL/STOT O1UR2175
560 IF(RATIO-B4) 145#145t565 DIUR2180
565 TREG(3)=TREG(3)/2.0 DIUR2185-

GO TO 545 DIUR2190
C Dl UR2Z195
C ERROR COMMENT OUTPUTS., OIUR2200
C DIUR2205

570 WRITEI6t66Q) TREG(2) DIUR221n
6O TO -58!5 DIUR2215

575 W RITEf6t6651 TREG(2) OIUR2,220
GO TO 585 DJURZ225

580 IRITE(6t655) DIUR2230
KzNUMB43 DIUR2235
WRITE(6t6701 (TREGIJIJ-Z,KITOTAL OIUR2240

585 IF(K84 .EQ. 11 GO TO 590 -01UR2245
K86s2 OIUR2Z50

C - DUR2255

C TRANSFER ALL -RESULTS TO OUTPUT TAPE HERE. DIUR2Z60

590 REWIND I DIUR2270
END FILE 3 DIUR2275
END FILE 0 DIUR2285
REWIND 8- DIUR2290
DO 595 K=1,ITEM -D1UR2295
READ(8)SIGM(1iIQ(1) ,ISIGN(-J)II(J).J=I10918) DIUR2300
WRITEIO,-750)SIGM(1),IQ(13, (SIGM(J2 ,IQIJIJ=10,18) DIUR2305

595 CONTINUE DIUR2310
END FILE 0 DIUR2315
REWIND 8 0 IUR2320

600 KNTx0 DIUR23-25
WRITE(696951- DI1UR2330
DO 605 K~l#MOUNT 01UR2335
READCI) TREGIZI ,(TREG(J),Jz1Ze181,tTOTALATIM DIUR2340
WRITE(6,-7303. TREGIZI ,(TREG(JJJ=2,183,TOTAL,AT-IM DIUR2345
KNTnKNT. 1 DIURZ350
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WRIrE(6,6951 DIUR2365
KN T s DIUR2360

605 CONTINUE DIUR2375
REWIND 1 DIUR2380
REWIND 4 DIUR2385
KNTaP 01UR2385
-WRITE4697201 0 1U2?390
D0 610 K=1,KOUNr DPi29
REAO(4 " REG) 2j,flOZ,DNZIKEY(J),Jm.IS4UM8I,ATIMCHID Di4; A400
WRITE(6.#7151 TRE.G-IZ) DOZDNZIKE YIJIJ~1,NUMB~lATIMCHID D1UR2405
KNTnKNT+ I DIUR241P
IF(I(NT *LT. 501. GO TO 610 DIURZ415
-WRITE(69720) DI UR2470
KNTwn DIUR24Z '5

610 CONTINUE DIURz4:30
R'WINO 4 0DIUR2435
GU'TO l5,6l5)trB6- OIURZ4.0

615 REWIND 3 DIU IR2445

REWINOQ DIJR2450

CALI, EXIT DIUR2455
620 FORMATIIP5EI4.Tl- DIURZ465
625 FORMAT (1P6EI2.51 DI UR2470-
630 FORMAI(94HlSOLUTICN OF THE REACTION RATEEQUATIONS WITH 15 SPECIESDIUR2475

1 AND'1 68-REACTIONS DIURNAL VARIATION. IDIUR2480
635 FORMAT(IIHIALUTITUDE xlPE11.4,4H CM.,17H TOTAL DENSITY alPE12.5,1501UR2485

1H :TEMPERATURE -0P57.Z) DIUR2490
640-FORMAT( 14)- DIUR2495
645 FORMAT(IIIHI TIME (SEC)- N(E) /CC N(O-1 /CC N(02-1 /CC NDIUR2500

1(03-) /CC N(N02-1 /CC NWO+I /CC N(020) /CC N(NZ4'I /CC TIBIUR2505
2I4E(HOUR) DIUR2510

650-FOPMAT(2OHOSOLAR DECLINATION =1PE13.5,iOH DEGREES. ip6XlOHLAT!TUDE DIUR2515
I nPF6.2plOH DEGREES. 96M2&"*NGLE OF GRAZ ING. 'INCIDENCE -1PE13.'5,1OHDIUR252O
2 DEGREES. OI0UR2525

655 FORJ4ATI65HOTHE PROGRAM IN TRYING TO GENERATE THE LOG OF A NEGATIVEDIUR2530
1 NUM8ER. I DIUR2535

6090 FORMAT(45H10THE INTEqcRATlNG MESH IS VANISHING IN INT AT IPEEI..'516HDIUR2540
I SEC. J 01UR2545

665 FORMATW4HOTHE INTERGRATING MESH IS VANISHING IN ALGA AT IPEII.5#60IUkZ55Q
IH SEC. ) DIUR2555

670 FORMATILPIOE1O.ZI 01 -UR2560
675 FURP4AT(12A6) DIUR2565
680 FORMAT(IHO,1ZA6) DIUiR2570
685 FORMATI1Hfl,(612X4H A(t13t2HJIPE10.3I)l DIUR2575
690 FOIMAT(43H THE INCREMENT I-S-CONSTANT AT 1.OE-06 SEC. )DIUR2580
695 FORMAT1130HI TIME (SEtl NIND*3ICC N(NOIICC N(N) /CC 01UR258 5

INlN4)/CC N103) /CC NIN201 /CC N1O1 /CC PRODUCTION TIMIDIUR2590
26(1HOUR) O!UR2595

700,FGRSAT(22HOREACTION COEFFICIENTS) DIUR2600
705 FORMATCI ,1/,(2X4HC0Ni1td3t2N41w1PEIO.3'1-j)- DIUR2605
710 FORMAT(60)H TIME IS NOT INCREASING RAPIDLY ENOUGH TO ADVANCE-SOLUTIDIUR2610

ION. ) DOIUR2615
715 F-2RMAT( 1P3EI3.5.1514t1PE13.5,OPFII.5) 01 UR2620
.'20 FORMATIIZIHI TIME (SEC) 02 DENSITY N2 DENSITY E 0- 02- 03DIUR2625

I - N02- 0. 02+ N2+ NO+ NO N N02 03 N20 0 TIME(HOUR) CHI D1UR2630
DIUR2o35

725 FORMiAT(149,1PEIO.Z,0PF5.I,#IPEIO.2.7A61 DIUR2640
730 FORMAT(IPIOE13.51- D1UR2645
735 FORMATIIHI) 0DIUR2650
740 FORMAT(12A6) DIUR2655
745 FORMAT(5121 -DIUR2660
750 FORMAT(6X11-(Alt15) DIUR26tb5

755 FORMATIIHA.2OX,86HTIE FOLLOWING IS A-LIST DF RATE CONSTANT CHANGESDIUR267O-
1 FROM THE STND LI-ST USED-IN-THIS RUN. I DIUR267- *

760 FORMAT(I1I2A6) DIUA26i
END 0 IUR26t



7.2.2 THE PIIOTOIONIZATION PRODUCTION SUBROUTINE PRODUC

Upon being called by SLOP or the main pr3gram, PRODUC first computes the

solar zenith angle for the time at wvhich-it was called. Using this Zenith angle,

the subroutine- performs a table look-up in the photoionization rate tables read
into the computer by the main program. If the computed zenith angle is not -a

tabular value, linear interpolations are performed in the tables to obtain the proper

production rates for the positive ions.

-One-tenth of one percent of the noontime production rate of 0O2 by L. is

automatically addled to the computed production rate of 0~ 2 One percent of-the

noontime production rate of NO+ by L. is always added to the production rate
of NO+ . T hese produccion rates are added in order to allow a eertain amount of

these radiations to scatter into the nighttime atmosphere.
After the~ production rates for all 'the positive ions are computed, they are

summed to obtain the production rate of the electrons.
The following statements are a listing of this -subroutine.

$IBFTC PRODUC L f-T;I PROOODO
SUBROUTINE PKIDUC PROD0005

C THIS SUBROUTINE CW'PUTES THE PRODUCTION-FROM rHE Q TABLES. PROOQ01

C PROD'3015,
COMMON TREG(150)i 'N2(731t KEYU15) *FORM( 15) #REMV (151 vR (200) tLKEY( 15PROD00Ze
l),UO(73)9 CON(20 BEGiN(17h9LOCK(l5),XO2(73)tXO(73htXN2(73).XNO(PROOOO25
273)tXNE(T3)sANGL(73. ,UOZ(73),COB(10) PkOD0030

COMMON NUMBEUBARELtIARDtDOZCIMAXDN2,T, PNEPNOtPO29POPN2iTOTAPROOOO35
ILJAKEJAMITEltALTLAMtTIMEK83,ATIMEeEARDr-IMECXISINDCDSDJUGPROOOO40
2,rIMEXITEMPX02,PXU,F~XNza-OTOPrOTN,6,7,DELLINTPJACK,'2NKZNT,PPAODO045
3J2NTN2NTFIRIST, FAIL,tJIPR8,B9 PROD0050
T1IMEX=DTIME tTREG(21 -PROD0O55
CXI=ARCOSICOSD*COS17.2722052E-5*(TIMEX*4.32E43),SIND) PRODQ66
DO 5 Jul,73 -PROD0065
IF(CXI-ANGL(J)1- 15,10t5 -PROD607O)

5 CONTINUE PRODOO75-
10 P02=UOZ(J) PROD0080

ROXUO(J) PROD0085
-PNZ=UNZ( 4) PRODO90
PX02-XO20J) PROD0(95
PXOU=,O(J) -PROOQIOC
PXNZ'=XN2 U) PROD0105
PNO-XNO(JI*TREG( 13) PROD0110
GO TO 20 PROD0115

15 PART=(ANGL(J -1I-CXIJ/(ANGLIJ-1I-ANGL(J)) PROD0120
POZ=UOZ(3 ' PART*(U02(J-1)-UO2(J33 -PR0001Z5
PatO=OiJ-1i =.A~li*(UofJ-1)-UO(JJ PAOD0130
PN2-UN2(J-1)-PART*(UN2(J-1I-UNZ(JJ I PR000135
PX02=X02(J-13-PART*(X02(J-l3-XOZ(J))- PROD0140
PXO=XOIJ-I)-PART*(XO(J-1)-XO(JI) PROD0145
*PXN2=XN2(J-13-PART*(XN2(J-1)-XN2fJ)) PfROD0150
PNO=XNO(J-1)-PART*(XNO(J-')-XNO(JI) PRODOL55
PNO=PNO*TREG(13) PROD0160

20 QT=( 1.0E-16*D)/(DO2GONZ) -PRODOI65
PNO-PNO+57*1.OE-O2 PR000170
P02zPO 2+QT$002+PXO2+I .0E-03*06 PRODn175
PN2= PNZ. QT*DNZ.PXN2 PRODOISO
PO=PO+PXO PROD0185
PNExPOZ2+PO+PN2+PNO -PROD0190 N
TOTAL=PNE PROD0195
RETURN PRODOZOO0
END PKOD0Z05

&No w. 7
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7. 2. 3 THlE CHARGE BALANCE SUBROUTINE BALAN

This- subroutine computes the largest c ' -species from charge balance

and-adjusts the 0 2 and- N2 concentrations -t.- ure conservation of 0 and N_

atoms. In addition to this it also calls subroutii SUN if the solution has advanced

into a sunrise or sunset period. Subrcutine SUN returns with a transmissivity per-

centage -by which subroutine BALAI'J-multiplies the photodetachment and ph-to-

dissociation rate coefficients. The solution has arrived at a period of sunrise or

sunset if switch JIP is on three or six respectively. Switch JIP is set by the

main program.-
The following statements -are a listing of this subprogram.

SIBFTC BALAN LIST - BALNOQCW
SUBROUTINE BALAN BALN0005
COMMON TREG(1501.UN2I73)t KE159OM1)RM(5)R209KY18LOI
1LPUO(731 , CON(2003,BEGIN(17)hLOCK(15),XO2(731,XO(73)hXN2(73)bXNIBALN0015
273h#XNE(73),tANGL(73) ,U021731,COB(IOi 6ALN002C
COMMON NUMBEU8ARELBARDDOZCIMAX,0N2,T, PNE, PNOrPOZPOPPNZTOTABALNOOZ5
ILJAKEJAM I TER. ALT, LAM, TI MEK63,-AT IME, EARIOT IME ,CXI S INOCOSO, JUGBALNOO3O

Z#TIMEXITEMtPXO2,PX0,PXN2,rOTOTOTNB6.B7,DELLIN,JACK!ZNTK2NTBALN00~35
3J2NT,#NZNTFIRST, IFAlLjlPBB89 BALN0040

5 SUMxTREG19)+TREG(I10)*TREG(I11ItTREG(12) BALN0045
GO TO (10,15t,,500Ci35bi.AM BALN005O

10 TREG(4)=SUM-TREG(5)-TREG(6)-TREG(71-rREG(8) BALN0055
GO TO 35 BALN0060

15 TREG(5):SUM-TREGI4)-TREG(61-TREG(73-TREG(81 BALN0065
GO TO 35 BALNOO70

21' TREG(6)xSUM-TREG(4I-TREG(5)-TREG(7 1-TREGIBI BALN0075
GO-TO 35 BALN0080

25 TREG(7)=SUM-TREG(43-TREG(52-TREG(6)-TREG(8I BALNOBS8
GO TO 35 B AL NO1)9 C

30 TREGI8)=SUM-TREG(4)-TREG151-TREG(6)-TREG171- IBALN0095

35 DO2((TOTO-TREGI5)-3.0*TREG(71-TREG(91-TREG(12)-3.0*TREG( 15)-TREG(BALN010O
1161-TREG(17)-TREG(18) l/2.O)-TREG(61-TREG(81-TREG(LO)-TREG(141 BALN01O5
DN2=(tTOTN-TREGf8)-TREG(1Z)-TREG(13)-TREGI14I)'TREG(16fl/2.0)-TREG(BALN011CI

1111-tREG( 171 BALNO115
TIMEX-DTIME .TREG(2) BALN0120
CXI.ARCOS(COSO*COS(7.2722052E-5*(TIMEX+4.32E41)tSINI BALN0125
COB(51-86-B9*CXJ lBALN0130
IF(COB151) 40,45945 SALN0135

40 COB($~)-.fl SALN0140
45 GO TO (65,65,0,965,65*501JIP BA!A0145
50 FRACT=SUN(CXI,CIMAX) 84L60150

ATzFRACT BALN0155
00 55 J-1,4 SALN0160

55 CON(J)=CGB(J)*FksACT BALN0165
N=161 BALNO170
00 60 J25110 BALN0175
C(NNI-COBI J1 FRAC( BALNO180

60 N=.N.1 BALN0185
GO TO 70 BALN0190

65 CON( 161)zCOB(51 8ALN#)195-
70 RETURN BALU020O

END BALN0205
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7.2.4 SUBROUTINE SUN

Being given the value of the solar zenith angle and the- value of CIMAX, this

subroutine when caled by-BALAN computes the transmission factor for use in

changing the rate coefficients for photodetachment and photodissociation.

The following statements are a listing of the FORTRAN statements for this

subroutine.

SIBFTC SUN LIST SUNOOO
FUNCTION SUNICHIALPHA) SUN0005

C SUN10010
C TO COMPUTE ETA AS A FUNCTION OF CHI. SUN'AAM5
C SUN,;fn7.n

DATA GAMMA/4.3633231E-3/ SUN00025
X=(CHI-(ALPHA-GAMMAII/GAMMA SUNOO30
IFIX 51Ofln SUNO0035

5 XzO.O SUNO0004
GO TO 20 SUNOn045

10 IF(X-2.0) 20,20,15 SUNO0050
15 X=2.0 SUNOnn55
20 THETA=ARCOS((2.O*II.C-XI**Z))-I.O) SUNOO060

IF(X-1.'I) 30925,25 SUN0O65
25 THETA=I6.28318531-THETA) SUNOOO7O
30 A=(THErA/2.nA-I(I.O-X)*SQRT((1.0-COSITHETAI)/2.O)I SUNOO75

SUN=1.O-(A/3.1415926) SLUNO0080
IF(SUN .LT. 0.0) GO TO 40 SUNnO08S5
IF(SUN *GT. 1.0),GO TO 35 SUN0009O
GO TO 45 SUNCO095

35 SUN=I.O SUNO0100
GO TO 45 SUNOOI05

40 SUN-(.O SUNOO110
45 RETURN SUNOOII5

END SUNO0120

I
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Appendix A

The Photoionization Production Furction Program-

As discussed in Section 5. 1, there is a separate code for thi computation of

the photoionization production functiontables. This code consists of three pro-
grams; the main program, subroutine PRODUC, and subroutine COLUM. The

output from this code is adisting anda deck of 145 -cards containing the number of
ion!-pkoduced as a functier--f the -zenith angle for a given altitude and geographic

location. This is the deck of cards that is required as part of the input to the

diurnal variation code.

The main program simply controls the input and output of this code. A con-

siderable amount of input is required-in order to compute the photoionization

functions for each of the species ionized. This information is read into the com-

puter by Cards Nos. 40 through 100 of the main program. The input consists of

the photoionization and absorption cross sections for 0, 02, and N2 ; the flux2
in photons/cm 2/sec of the incident solar radiation at the top of the atmosphere;

the hard X-ray flux and absorption cross sections for air for these X-rays; and

the neutral atmosphere profiles from 0 to 520 km of 0 , 02 , and N2 . These

parameters, as taken from Tables 1 and 2, are-read in the following order into

the designated-regions.

4
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A2

SP02 45 values of the photoionization cross section of 0

2E

~~S02 =45 values of the total absorption cross section of 02.

A22

SPO2 34 values of the photoionization cross section of 0

SO = 34 values of the total absorption cross section of 0

SPN2 = 24 values of the photoionization cross section of N2

SN2 = 24 values of the total absorption cross section of N2

2PIl1 = values of the solar flux in photons/cm /sec broken down

into 24 lines or bands.

RAD = the X-ray flux at 2, 4, and 8A.

ABC = absorption cross section ior air at 2,4, and 8A.

These parameters are punched on cards in FORMAT (IP6EI2. 5):

3CONO = theiheight profile of 0 in number/cm at every 10 km.

CON02 ~-the height profile of 0 2 in number/cm 3at every 10 km.

CONN2 the height profile of N2 in number/cm3 at every 10 km.

The last three parameters are punched oncards in FORMAT (IPOE8. 2).

The main program-sets up the BK region with values of altitude in 10-km in-

crements from 0-to 520 km for ease of table look-up of required concentrations.

The concentrations as- read into the computer are converted into the corresponding

common logarithms since it is more realistic to linearly interpolate the logs of the

densities rather than the concentrations themselves whenever a nontabular value

is required.

After all of these basic parameters are read into the computer, the parameters

of the altitude and the geographic location are read in. Each altitude card-is pro-

ceeded by a title card on which 72 columns of hollorith information may be punched.

The information on this title card is punched out on a heading card preceeding the

cards containing the photoionization functions. The second card of this set of two

contains the following parameters punched in FORMAT (lP6E12.,5).

IIITE altitude in km at which the fun.tions are required.

EPSI the Ly flux at the-top of the atmosphere in ergs/cm 2/see.

EAR radius of the earth in km.

DECL = solar declination -in -degrees.

CLAT latitude in-degrees.

_______
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The Ii:inted output consists of the following:

a) the altitude, solar declination, and latitude;

b) the solar zenith angle and the number of seconds after noon,

corresponding to this zenith angle;
520 520 520 520

C) 52 dlf N(O 2 )dl, N(N2)dl, andf N(O)dl

z z z z

d) the production rate of 02, 0, and N2 by X-rays in the

wavelength region <170A and the rate coefficient for the

ionization of NO by La;

e) the production rate of 02 , 0, and N2 by UV at wavelengths > 170A;

f) the production rate of 02 and N2 by cosmic rays; and

g) the total production rates by X-rays, UV, and cosmic rays.

The punched output consists of the following:

a) a title card which is a duplicate of the title card read into

the computer; and,

b) a deck of 145 cards containing the production functions.

There are two cards for one set of values of these functions. A set is computed

for every ten minutes from noon to midnight. It is assumed that the values from

midnight to noon are the same as these.

The parameters which-are punched in FORMAT (1P5E14. 7, 2X, 13, 2X, 13) are

as follows:
+

a) SQ2 = total UV production- rate of 02

b) SQO = total UV production rate of 0+;

e) SQN2 = total UV production rate of N24;

d) QNO = rate coefficient for production of NO + by ionization

of NO by Lca;

e) WHOLE = total production rate of electrons except for Lc4 ionization;

f) IIIITE = altitude of computations;

g) KARDS = card sequence number;

h) CIII -solar zenith angle;

i) SXO2 = production-rate of 02 by X-rays;

j) SXO production-rate of 0+ by X-rays;

:" f
'I

~i
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k) SNX2 production rate of N by X-rays; and,

I), SCRAY = total cosmic ray production.

The following statements, beginning on page AS, are a listing of the main

program.

Subroutine r RODUC computes the actual production rate of each of the species

using the input data and the equations derived in Section 5. 1. The following state-

ments, beginning on page A7 , are a listing of this code.

Subroutine COLUM computes the number of particles in a cm 2 column along

a ray path at a given solar zenith angle and extending from the height z to 520 km.

An upper limit of the 520 km was chosen because for paths that extend down to the

D and E regions particle concentrations above 520 km do not contribute significantly

to the total integral. The subroutine exits with the values of the following integrals

in the corresponding locations.

DEPTH fi -dl

DEPO2 JfN(O 2) dl

DEIPO -- f (o) dl

DEPN2 f'(N 2 ) dl .

The following statements, beginning on page A9, are a listing of'the FORTRAN

statements for this subroutiie.

t

f _
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$IBFTC MAIN -LIST MAIN1f0O0
C PHOTOIONIZATION SOURCE FUNCTION MAIN01C5

COMMON SP02(451,SOZ(45I,SPO(45),SOI45JSPN2(45,SNZ(45,PHI(24RAMANiflA%

2NN2(150hCONO(15QICONTL(1501hCON2LI5)CONN2L15OICONOL(150) MAIN0020
COMMON OEPOZOEPNZOEPTHSOOZSIO,SQNZQNOCOZCNZEPSIRNi[TECHIMAINQQZ5
ICIMINDOZ,0N2,OO,0,DNOEAR.SXC[,SXO.SXN2,KLAW.OEPD MAINO030
DIMENSION TITLE(12) MAIN0035
REAO(5#85)(SP02(J),J-1.451 MAIN0040
REAO(5.85) (SO2(J) jJ-1,45I MAIN0045
REAO(5,85) (SPO(J),JzlZ,45) MAIN0050
READ(5985) (SO(JI',J-1Z,45) MAIN0055
READ(5t8!) (-PN2(JI ,Ju22945) MAIN0060
READ(5,853(SN2(JIJml,45) 4AIN0065
REA015,85)(PHI (JIJ=1#24) MAIN0070
REAO(5*851(RAO(JIJ ,J1l31 M41NO075
READ(59851 (ABC(J)tJ-1931 MAIN0080
READ(5965I (CUNO(J)7J01 ,5Z1MAIN0085
READ(5,65) (CON02(J)*J-1,5ZI MAIN0090
READ(5t65) (CONN2(J),J-1,52) MAIN0095
BK(-l=I0.0 MAINOIQO
00 5 J-2942 MAIN0105

5 BK(JI=BK(J-1)+10.C MAIN0110
0O 10 J-1,52 'MAIN0115

In CONT(J -I-COND(JI.CGN02IjJ*CONN2(J) MAIN0120
DO 15 J-1,52 1A1Nn125
CONTC(JI-ALOG10(CONT(Jil MkIN0130
CONOLIJI =ALOG1O(CONO(JI) MAIN0135
CON02L(JI=ALOGIO(CON0ZIJI) MAIN0140

15 C3NN2L(JIuALOG1IC0NN2(J) MA IN01 45
20 REA015980))(TITLE(J).J-1,12) MAINOI50

REAO(5,85)HITEtEPSI .BEARDECLCLAT MAIN0155
IFII4ITEI 60960,25 MAIN0160

25 WRITE(6,?0)HITEtOECLCLAT MAIN016'5
KOUN T-9 MAIN017O
KARDS=0 MAIN0175
1111TE-HITE -MAIN0180

WRITEI7,8rn (ILE (JI ,JxL .2) MAIN0185
00 30 J-1,51 MAIN0190~
IF(HITE-SK(JI) 35935930 -MAIN0195

30 CONTINUE MAIN0200
35 RATYx(HITE-BK(J-1)I/1O.O MA IN0205

00.=1O.O**(CON02L(J-1),RATY*(C02L(J3-CDN02L(J-12)I MAIN0210
IO?,210.0**(CONN2L(J-1IRATY*(CONN2L(JI-CONN2L(J-1)l) MAIN0215
OO=10.0**(CONOL(J-l)4RATY*(CONO-IJ)-CONOL(J-11II MAIN0220
DzlO.O**ICONTL(J-1ItRATY*(CONTL(J)-CONTLIJ-15II M4AIN0225
DECR-DECL*0.01745329 MAIN0230
CLAR-CLAT*0.01 745329 MA I N0235 I
COSD-COS (DECR)*COS (CLAR) MI04
SINO=SIN (OECR)*SIN (CLAR) MAIN0245
TYM=O.g MA !N025 _
CtMIN-3.1415926-ARSIN(EAR/IEARtHITEII MAIN0255

40 CHI =ARCOS(COSD*COS (7. 2722052E-5*TYM).,SINO) MAIN0260
CHIDx5l.295779*CHI MA1ND265
WR!TE16,75)CHIO, TYM MAIN0270
CALL PRODUC MAIN0275
WRITE(6. 110)OEPTHOEP02,DEPN2,DEPO P'AIN0280
SXRAYmSX02+SXNZ.SXO :1I N0285
SUV=SQ02+.SQO+ SQN2 MAIN0290
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SCRAY-CO2+GN2 MAIN0295
IHOLEuSXRAY*SUV+SCRAY- MAIN0300
WRlTEf6990) SXO2# SXOtSXN2 ,QNO 14AIN0305
WRITE(6995) 5002. SCOtSQN2 MAIN0310-
WRITE(6,lf5)CO2,CN2 MAIN0315
WR ITE(6'.100I SXRAYSUVSCRAY.WHOLE MAIN0320
WRITE(T,115)- SQO?,SUOSJN2,QNOWHOLEIHITEKARDS MAIN0325
KARD)S-KAR(DS+l MAIN0330
WRITE(7ol15) CHI,SXO2,SX0,SXN2,SCRAYIHITEKAR )S MAIN0335
KAROSaKARDS+l NAIN0340
KOUNTOKOUNT+8 MA 1N0345
IFiKOUNT-561 -50,45,45 MAIN0350

45 KOUNT-0 MAIN0355
%RITE(6#70)HI TEDECLCLAT MAIN0360

50 IF(B) 60,55,20 MAIN0365
55 TYM-TYM+6.OEZ MAIN0370

IF(TVM-4.32E4) 40140,20 MAIN0375
60 CALL EXIT MA 1N0380
65 FORMAT(1P9E8.Z) MA1NG385

$70 FORMIATIL3Hl ALTITUDE -IPEL3.5.41H CM.,6XI9HSOLAR DFC.LINATION alPEIMAiNO390
1'3;5910H DEGREES. v6XlOHLArIrUDE -IPE13.5,10Fi-OEGREES I MAIN0395

?5 FORMAT( 15HfZENaT -ANGLE =F7.2,10H DEGREES. I&8 TIME AFTER NOON =,MAIN0400
IIPEII.3,6H SEC. ) MAIN0405

80 FORMATMIA61 MA!'40410
85 FR~iTiP6E2.5)MAI'.'0415

90 FORMAT41H *15H402f FROM XRAYS-lPE12.5t3X#14H0* FROM XRAYS-'11.5.MAIINO420
1X,15HNZ4 FROM XRAYS=IPE12.5t3X#21NNO* COEFFICIENT =IPE12.5) MA1N0425

95 FORMATIIIH #15H402+ FROMUV ulPE12.5,3X*14HC+ FROM UV zIPE12.5i3MAIN1)430
IXISHNZ4 FROM UV =IPE12.51 MAIN0435

100 F3RMATI 1714 XRAY ELECTRONS ZIlPEI2.5,17N UV-ELECTRONS,=LPE1Z.5,2514MA1N0440

1 COSMIC RAY ELECTRONS TIPE12.5920N- TOTAL ELECTRONS wIPE12.51 MAIN')445
105 FORM-AT(164 02. COSMIC RAIsIPE1.5*32X54N2+ COSMIC -RAYIlPE1Z.5) MAIN0450
110 FORMATU18HO TOTAL INTEGRAIL xlPE13 5tI4H 02 INTEGRAL EI.3.5,1-4H N2 4AIN0455

1INTEGRAL -C-13.5;13H-O INTEGRAL -Ei3.5i MAIN046ts
115 FORMAT(1P5E14.?*2X9I3,ZXvI3) MA1NO465-

END MAIN0470
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SIBFTC PRODUC LIST PROOOQO
SUBROUTINE PRODUC -pR!),) 0 A5

C PHOTOINOIZATION PRODUCTION FUNCTION PROD0015
C pRODnn2P

COMMON SP02(45),SO2(45),SPO(45),SOI45)tSPNZ(45)tSN2(45),PHI(V4),RAPROD0025
10(31,002(2T)hQO(27),0N2127),A8IC43),BK(150),CONrTI5O3,CON02(150),COPRDDQO3* F
2NN2t15n)JCON150htCONrL(15O),cONO2LI150),CONN2L(15O),CONOL(15OJ PRODflO35
COMMON DEPO2,OEPN2,DEPTHSQOZ.SQO,SQN2,QNOtC02,CN2tEPStiRHITECHIPRODQQ4O
ICIMINtDO2;DN2.D0cDDNOEARSX02,SXOSXN2tKLAWDEPO PROrJ0O45
DIMENSION POWER(45) PROO0050
DO 5 J-1927 PROUI)055
QOZ(Jlm0.) PROD0060

9 ofj).. PR0D0065
5 0N2(J)=Q.0 PROD0O070

SQ02sO.() PROO0075
SQO=0.0"FROD0080

QNO=O. 0 PROO0090
SX02xO.O PROO0095-
SXN2nO.l PROD01-00
SXO=0.0 PODOL05
IF(CHI- -CIMIN I 10ACO,130 PRODo~lV! c

10 CALL COLUM PRODAl115
cOO 15 J-1945 PROD0120

15 POWER(J)xEXP I(-DEPO2*S02(Jl-DEPO*SOIJ)-DEPN2*SN2IJ)) PRO00125
DO 20 J-1,6 P RODO 130

20 Q02u2=-SP024J)*DD2*PHIIJ)*PO-WER(JJ PROD0135
K-7 PROOOI4O 3
KI-11 PRUD0145
K2-1 PR000150
DO 50 Jx7s Q P9L00155

25 PAF&Tl=SPO2lK)*DO2*PHI(J) PROO L60
PART'!=SPO(K)*DO*PHI(J) PR0D0165
Q021J)0O21JJ+(PARTl*POWER(K3 l PkODOITO
QOIJ)sQO(Jji+IPART2*POWERIKil PROO0175
IF(K-KLI 3003505 PRODObso

30 K=KG1 PROD0185
GO TO 25 PROOpJ 90

35-KxK41 PROD0 i95
GO TO (40t45#55)tK2 PROD0200

40 KI-16 PROD0205
K2-2 PROD02tO
GO TO 50 PROD0215

45 KI=21- PROO02 20
K2-.3 PROD0225

'50 CONTINUE PRODO0230
55 KI-24 PR000235

K2-1 PR0D0240
DO 80 j.10,11 PiOD0245

60 PARr1-SP02(K)*002*PHI (J) Pf)O0250
PART2zSPO(KI*DO*PHI(J) PAOD0255
PART3-SPN2(K)*DN2*P HI (JI PROO260
Q02( JIzCO2(J)*(PARY1*POWER(K)) PR0D0265
QOIjI=QO(j)+fPART2*POWER(Kl) PR0D0270
QN21J)-QNZIJJ+IFART3*POWER(K))- -Pft00275
IF(K-KLI 65970t7M PROD0280

65 KzK+1 P ROD028 5
GO-TO 60 PROD,2 90-



70 K-K.1 PR000295-
GO TO (75980)tK2 PROD0300

'75 1(1-27 PQ000305
k2-2 PRo0o.'m1

3 0 CONTINUE~ PR000315
Q02(12)-SPO2(28)-*002*PHII1Zi*POWER(KI PROD0320
QO( 12i=SPO(Z8)*OO*PHI(12)*OWEtIK? PROD0325
QN2(122=SPN2(28)'*0N2*PHI(121*POWER(KI PROO0330
K-29 PROD0335
KI-31 PROD034Q'
K~z = -PROb0345
0O 16l5 J-J3,14 PROO0350

85 P.ARTIuSPO2(KJ*OO2*PHI (JI PR000355
P ART2=S'POIKIODW*HIMU PRODO360
PART3-SPN21Kl*0O*P4lI(JJ PR0D0365
i7'02(JI=QO2(J)+IPA.,1*POWdER(() I PROD0370
QV(JlxQ0(J)+(PART2*POWER(K)) 290~003 75
,QN2(Jla(N2(J)G(PA RT3*PWER(()i P08
IF(K-Kll 93t95995 PR00MW8

90 K~ke1 PROD0390
GO TO 85 PROD0395

95' K-K~l PROD0400

GO TO (100.1051,K2 PROD0405
100 KI-=34 PROB0410

1(2-2 PROD0415
105-CONTINUE PROD0420

Q02415)8SP02(35)*DOZ*PHI(15*POWER((I PR000425
QOI 151-SPOC 351*OO*PHI I15)*POWEFKP043
0N2(15)-SPN2(351*DO*PHI( 151*POWER(CKI PR0D0435
Q02(16)-1002*PNI( 16)1.SP02436.POOWEk36SP021371.POWER(37rI PR000440
0162=fOO*PHI(16))*(SPO(36)*POWER(3614'SPO(371*POWERI371) PROD0445
QN2(16Ix0NZ*PHt(16)*ISPN2(36)*PDWER(36)tSPN2(37)*POWER(37) PR0D0450
Kx38 PROD0455
00 110 J-17#24 PROO0460
Q02IJ)-SPOZ(KI*DO2*PHI IJ)*POWER(K) PR000465
QOI J)-SPO(1()*DO*PHI( J)*?OWERiKl PR000470

QN2(J)=-SPN2(KI*DN2*PHI (J)*POWERIKI PROD0475
I110 K=mK+l PRO60480

L-1 PRO0485
4 00 115 J-Z5,27- PROD)C490

QOZ(J)=002*RAD(L)*EXP (-(OEPTH*ABC(L) I) PROD0495
QO(JJ=00*RAO(L)*n.75*EXP (-(OEPTH*ABC(L))) PROD0500
QN2(JI-DN2*RAD(L)*EXP (-(DEI)TH*ABC(L) )l PROD0505
L-L+1 PROD0510

115 CONTINUE PROD0515
00 120 J1,918 PROD0520

SQ02xSQO2+QO2(J) PROD0525

10 N2-SQNZ.QN2I 4) PR000530

00 1-25 Jx19t27 -PR000540
SX02zSX02+002(J4) PROD0545

SX1SN+N()PO05

125 SO-SX+UUI) PRO055

QN-PI13EEP(85-1DP2 RO)6130:T-(.0E-I6*)/(D2# NZJ ROD5I-



SURUTN COLUM COILIO

SUBOUNE CAUI 41 9A4 A 4 AS1)t34 N--)vPT()tAS(4 OLM0035S
cIFCCLM LS COLM0040

DOM 5 V SP45)524)SO4)S(5.S~(5 SNI3)Pf2.COLMOO010

5NA3(15 ON(5ACOT(5IOOI15JCN2L1OzoNL1o COLMO055

1,CIN0.N0 -,NARSOZSOSX2K~iOP COLM0060
DENSO ASRAA-0A.5ANL23A(6,N~()P~fIANw4 COLM0065

C p0. CUMOO4O
DO SIn ,4 COLM0075

- KUTY-O~ COLMOOSO
KTO=-4 COLMOO85

15 OEAHII COLMOU95
0.0R.1452-H COLMO100
IFUT0 SN(A/TO) n,6 COLMO105

10 TWRTEN(95 CLOI

25 FORMAT(34140THIS PATH GOES BELOW THE HOR!ZON I ~COLMO115-
I OTO 23q COLM0120

30 COSBxCOS(BETARI COLMI0125
DISTRzQ*;l COLM01l30
KUtIn'= UTOR**2 COLM0135
YUR=2.0* UTOR*COSB COLM0140
IF(HITE-95.0) 40935,05 COLM0145

35 IF(CHI-1.5707963) 45,45#40 COLM0150
40 KUfY-1 COL140155

KUT=3, -COLMQI6n-
45 HTORx(SQRTjBurR2*(OISTR**2)-(DISTR*YURe)s- EAR COLO165
,50 DO 65 J=1,101 COLMOI-70

'IFABKI A ' -HTORX65 .55,90 CULM0175-
55 ANS'1fl):fONTIJb COLM0180

ANS(2) CONOZ(J) COLM0185
ANSI 31-CONN21JI COLM0 190
IF(KUTY-)- 100. 60, 100 COLM0195

60 ANS(41-CONOO.JI COLM0200
GO TO 100 COLM0205

65- CONTXNUE COLM02 10
IF(QI 70,80070 COLM0215

T0 DO 7T511KUTD l020
A2(11 3A.( Il-ANSLIl' I CLkO'225
AM( I-)=Ak( I)-ANSQ( 1) COLM023 D

75 AkSW(I3=xANSQ(II COLM0235
GO TO '145 C0114240

80 O85,Lxl,KUTO COLM0245
43(1 IA3(1)-ANSQ( II COLM0Z56

185 ANSW(i=ANSOICI C-OLM0255
GO TO 145 COLM0260

90 TLAZY'.(HTOR-BK(J-1II/10.0- COLM0265
ANSI13.ln.0**(CONTL(J-1I*(TLAZY*ICONTL(J)-CONTLIJ-1); COLM(%270
ANS(2)wIO.O**(CONO2LfJ-!14(TLAZY*ICON02L(JJrCON02L(J-I',JI.) I+COLM02TS
ANSt3I=10.0**(CONN2L(J-I)(TLAZY*(CONN2L(J)-CONN2LIJ-1)$-, COLM0280
IF(KUTY)I 100,95,100 COLM0285

95-ANS(()10.0**(CONOL(J-I+(TLAZY*ICONOLIJ)-CONOL(J-1IIII -COL46290

IA-t



fill

100 iFIP) 115,105*,115 COLM0295
101, DOPv10 IW1KUTO 'COLM0300

0.vo COLM03V)
GO 40TO 40C0140315

115 IF(Ql 130,120*130 COLtiO320
120 00 125 LI,KlJTO COLM0325

tA2 (I )trAN S i 1)4eA 2 ) COLM40330
1I.M ANSLIV~mANS111 COLMO3 35

0u. 0 COLM0340
GO TO 140 COjzM0345

130 DO 135 1-1-01JTO i OLM0350
A31 1~3ANS( 114A3(I) 6OLMt0355

135 ANSQII)=ANSfIV COL140360
0-00f C.OLM4O365

140 OISYR-OISTRTE5Tl COLM037T0
GO TO 45 COLM0375'

L45 00 150 I-l-,KUTD COLM40380
150) POT( IIL I SST*1.0E5) /3.O)*( M I iANWi) ).4;0*AU_)(2,0A3( lil C0L40385

DEPTH=POTCYJ, COLM0390
DEPO22POT(2) COLM0395
OEPN~aPOT(31, COLM0400
IFIKUYYI- 160.155.160 COL140405
D.5 EPO-POTt44 CULM0410
GO TO 230 'COLM0415

-160 P-0.0 'COLM0420
Q- %oCOI.Mfl425

01-SYR-0.0' CfL'M0430
1 65 -HTbR-t SQRT(BUTRZ+IOIfSTR*Z)- IOISTRt*YURt))D- EAR -COLM0435

600 17S, J,51 'C0LM0446
IFIBK(JI) H7OR) 1591709115- C0LM0445

110 ANS(4)-CONO(JI- COLM0451)
GO TO 200 XCOLA045 5

175 CONTINUE C00fl0460
IFIQ) A80-#'1909160Q CtiLM0465

180 -A2(4) A241-AN'SL41 C'0L10470
-A314):A3(4)-ANSQI4) COLM0475

I]ANSWl4)zANSQ(4) CULA0480
185 OEPOx1,666667E5*(IAf4)+ANSWI,4)I+(4.0O*AZ(4fl+(Z.0*A3(4)U1 C OL M )4,

GO TO 230 COLM0496<1 190 A(A3(4 (4-7ANSQ141 CL045

ANSW(4JuANSQ141 COLM0500
GO TO 185 CL06

195 TLAZYw4NTOR-8KC3-1I'IlO.-0 COLA0510
ANS(4)=10.0**(CONOL(J-l)tTLAZY*(CONOL(-JI-CONOLfJ-1)H1 COLM0515

200 IF(P 210,205*210 COLM0520
205 AM4 -ANS14i- C0LM0525-

PA10 OLM0530
GO TO 225 COLM0535

210 MFQ), 229 ,215,220 COLM0540
215 A2(4)-ANSI4)iA2(4J COLM0543

ANSLM4)ANSM4 COLM0550
Qz) .0 COLM0S555
GO TO 225_ COLM0560

220 A3(41=ANiSI4J*A)441 C0LM0565-
ANSQ(4)-ANSt41 COL-4Q57O-
ok%.O COLM0575

225 D1STK*DISTA+5.0 COLPO58I0
GO 10 165 COLMC585

?30VRETURN- -COI.NO590
END COLN0595
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Appendix B if
The Differential Equction Writer Program I

This code was originally written by David McIntyre (1965) for -computing the

total derivative of,each species with respect to timcand the partial derivatives

of eaclh species With respect to the other species. His-code was ,vrittenfor an

IBM-6000 computez, so~in order-to use this~code on an IBM-7044 or 7094 computer

it had to be rewrittin. The author has made--the modifications necessary for com-

puting-the codes for the formation sums F and the removal sums:R Tile

code consists-of a main program and eight subroutine-s; DIFFEIQ, SET8, DY,

REFACT, DIFFER,, FACTOR, OUT, -CODER, and-DECODE. Because the last

two subprogrardts involve character manipulations that are not easily-performed

in the FORTRAUJ language, they a-e written in the MAP language.

Th.; main program essentially controls-tihe input and output. The input con--

sists of a deck of cards containing the reactions in coded forri. The output is a

listing and a deck of cards containing the FORTRAN statements for subroutine

SLOP. The only thing that has to-be- added to the deck is the proper COMMON

slatement. For the system described in this report, the following code, applies.

Since all of the species listed after the total density are not-considered in the

program, there is no output code for them.

- -.- f
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-I *

Input Output Input Output
Species to From Species to From

Program Program -Program Program

e 5 Y(l) N 20 18 Y(14)

O 6 Y(2) 0 19 Y(15)

02 7 Y(3) 02 20 Y(16)

0 3  8 Y(4) N2  21 Y(17)
NO 9 Y(5)- Total 22 Y(18)

2  Densityo+ 10 Y(6) N+ 23

11 Y(7) 24

+

NO +  13 Y(9) 0 3+ 26 .

NO 14 Y(10) NO 27
3

N15 Y(ll1) N4  28

NO 16 Y(12) No 29

0 17 Y(13) NO 30-

The reactions are pnched on cards in coded form in FORMAT (2014). Con-
sider the reaction

k139
SO+O 2 + N 2  - 03 +N 2

1 This reaction is coded as

Y(19) + Y(20) + Y(21)---Y(17) + Y(21) + 0 139

and punched as

bb 9bb20bb21lbb7bb2 lbbb0b 139.

Each reaction must contain seven integers: three for the reactants, three for the

products, and one for the reaction number. If a reaction contains less than three

reactants or less than three products the corresponding subfields must contain

zeros.

I
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The output is a complete FORTRAN deck- from the $IBFTC card to the END

bard with the exception of a COMMON statement. Although the subroutine is a

general-one, it still requires a COMMON statement compatible with-the remainder

of the code in which it is used. The following stqteients, beginning on page B4,

are a listing of the main program.

Subroutine SET8 is called by the main program and assigns an identification

to-each of the reactions according to type. This is a digit from one to seven and

is added to the coded reaction as the eighth integer. The maximum type of reaction

that this program car handle is a three-reactant three-product process. The type

identifiers as related to the reactions are shown in the comments of. the FORTRAN

program. The following statements, beginning on page- B6, are a listing of sub-

program SET8.

Subroutine DY scans the reactions searching for a particular species as a

reactant or a product. If it-finds the species As a reactant it transfers-the reactants

to the IREMOV region. The memory cell preceeding the cells containing the re-

actants is coded as -2 if the reaction type is one, as -3 if the reaction type is two,

three, or four, and as -4 if the reaction type is five, six, or seven. If it finds

the s.pecies, as a product it transfers the reactants -to the LFORM region. Now the

memory cell preceeding the cells containing the reactants, is t ',ded as described

above except that the sign of the digit ispositive.

Upon a normal exit from this subroutine, all of the-reactants for processes

that form a particular species are in the IFORM region-and all- of the reactants for

processes -that remove this species are in the IREMOV region.

The following statements, beginning on page B7, are a listing of subroutine DY.

Subroutine DIFFER computes the partial derivatives of eachdifferential equa-

tion with respect to the species for which the equation was written. Effectively,

this routine factors out the given species from all- the reactions that-remove it so

that the quantity FRj can be computed. The following statements, beginning on

page,,B8, are a listing of this program.

Subroutine REFACT performs the factoring of species and leaves the reactions

in the IFACT region in as highly a factored form as possible. The following state-

ments, beginning on page B9, are a listing of the FORTRAN statements for this

subprogram.

Subrouting FACTOR which is called very often by subroutine REFACT does

the actual factoring. It scans a particular series of reactions set up by REFACT

to find-the species occurring most often in the series. It-factors out this species

and-returns to REFACT with the factored version of the series'fed to itby REFACT.

The following statements, beginning on page Bll,are a listing of this subroutine.



B4

SI8FIC 01FG LIST
COI4MCN GIPUT(200C) UIFW0005
DIM4ENSION LHEAC(a.200),1PAR1(500I,1NSEi&I(:)0oIArALTi500)tlCUR1bC)DF3QOOI
1,INSIKiSQO) ,iIOLI(500lIIFUMtSUoi ,IREMV(500) UIPWO0l5
U1IMEINSIUN 10DCC01(5)
OATA Q/6H, PNE t6htIPUZ .6H+Pu t6h4*PN4 PbH+PNU-
kEAIJC59110 NEL.NSNSPEC1 .
REAO(5.b5) ((1REAL(I1Jb1*wlt7JtJL,NEdKS) DIFQ0035

5 FURMAT(Z0141 UIFI30040
bkilE(69901 DLFQ0045
PUNCH 115

CALL s~rd(1REAL.hkq.0SJ 0 FQ0065
jbJUP2NSPEC144 D0IFQ0070,
00 80 i=59jstup OIFQ0075
ICUK(l)-1001 DIFU0080

IMA)kK-2 DIF1Q0085

LDb:NZJ 0 1A0 S
LALL 011-FEl I4E*1VLtNUYLEN.lPARTL1PARTtL-LA#IC0K( IMAKAILliCURJUIFQO10'l
IMAitK-IMAt4k4LICUIR 01F ~t U
JI=J-4 UIFIJ0I20
L0EKC=LUEN-4 DIFQJ0L25
IF( L-LPAR V) 10.30#-10 UIFQ0O130

10 -LNbERTI1PU1NJ)zj 0 F)0 135
LiNSEkTI IPULNTI) aLDEN DIFQ0140
INSERTtIPIIN+2)zLOLN DIFQ0145

1S lPb1NTxiFU1NT-3 DIFQ0150
ICUUNT. IC0UNT4l DII1

C DIFQO~bO
C PUT PARENTHESIS ARCUND IPAKT DIFQJ0165

00 2C1IlLIPARF DIFOO170
1A=L1PART-141 DIFiQ0175

20 [PARTIII*11=LPART(1I) DIFQ0180
[PAKI1LIPA.(tt21--1001 DOQOI85
IPARTM ) 1001 GI0190
LENGIPzLIPAKTtZ DIFQJ0I95
CALL REPACT(IPART,NSPECi,1l:ACTLENGTP) OIFQ0200
CALL OUT(IFACT#Lk:NGrP,1IARRUWI DIFWOZO'5

21 IWJJUI2O0

CALLDEL~hIUTPL#I~IARR~vIU~bJDIF021
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CALL REfACTI FIP 5 .,N:PEC1 ,LFACI ,LENGTHJ DLFQ 0280
CALL OUTtIIFALr ,LEhGTH, IAReKUwV UL FQ0285
00 36 JJC-lt2000

36 IU(JJDI-O
I#P(J *EQ. 5) GO TC 40 LIIFQ0290
IF(J .EQ. 13) GO 10 45 DI F00295
If-(J .E.- 12 1 Gu TV 50 DLFiJ0300
IP( J .EQ. 14) GU TV 55 DIF.J030-5
IF(J ,.Eu. 15) Gu TC 60 D1FW0310
GO TO 65 OI)-40315

40 IARRCWNIALi+1 01"0320
OUTPLT(IARkCkl1J41)
GO TO 65 UIP.J0335

4.5 iAkRCW-IAkxbN*1 0 1EQ0340'
OUTPLT( AKX(LD) L(2)
GO TU 65, OIFwiO355

50 IARROUzIsAkkfCk+l 0 IFO0360
OUTPUT( IA5kC~lj WM
GO TC i5 DIFW0375

55 IARROW-IARR~k~l blFQQ80
OUTPIJTIIARROw)-6(.4)
G0 10 65 DIFQOJ95

60 LAR (W-IA I4Ui1 -D1Fw0400
OUTPLIlIAR~h) =G5)

65 CALL DECCVE(OtiTFLILVLAke(U~tINUMB) DIFU0415
JR IJ-4 DIFQJ0420

70 WIFIE169751 JR .4 ClL),1=1.INUMB) DIFU0425

PUNCH 75, JlttlDtl)tlzltNUDb)

75 FOkMAT(6Xt5hl-IJRM(tl2t5HI ,9Ao/I5Xv,1Hls11A6)) D1IFJ0435
N0-k1 OIFQ0440,
Nl=NO+l DIFQ0445

80 CUNIINJE 0 1FQ0450
WRITE16910O) 4.0 DIF00455
PUNCH 1000NO
WRITE16, 105) V £IF0465
PUNCH L05

85 STOP 0 1F40475
-: OFUriMAJ(19HljBFTC SLuP- LlSr/6Xv21IiSUdMUr1NE SLUb'(KINL)/tX,23H0D1DF1J0480

lt4iNSION Y(250),tC(173)1/6Xt34HE(JUIVALENC 'E tY(l)tTREdt4J),(COK~l)/5X9
2 11H CALL bALAN/aX-,4HYC19)xUO2/6:.9',HY20)VtN2/bX,7HY421).D/)X,2
33HIFIND' EC-* 2) G6 TL -1/6XR1H-CALL PRIOCUC)

95 FURNAYTI *14#Z7hIi FLIKINIJ .EQ. I *ANC. KEY(PIZ,3dH) .NE. I) ORK. IOjp0500
IMKNO .E6. 2 *ANC. KEY(/5goIR,2171J *NE. 2)) GO Ti] t13) DIFw055

100 FJRMAT(II ,14#7H RErURh) DIF00510
105 FORMAT(6X@3hEND) DIF00515
110 iORMAT1214)
115 FU MAT(19H&IBFIC SLOP LIST/6Xt2IIISUdR6UFINE !SLUP(KINOI/6Xv23HO101FJ0480

1HI:NSR0N Y(250)-,L( 173)/6X,34niEOUIVALENCE fYtl),TrEG(4)),IC,CUNd/5X,
2 11H1 CALL bALAN/6X,5HY(19)0UU2/6X,9HY120)DUN2/6Xt7HY(21)0D/6XZ
33HIFIKIND .EQ. 2) GL rC 1/6X,IIHLALL P?(UOUCJ
END DIF00520
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SIBFTC SETS LIST SET80000
SUBROUrINE SETSIIREACtNEQNSI SET80005

C 'SET80010
C SUBROUTINE IDENTIFIES THE TYPE OF EACH-REACTION AND LOADS IREAC(8tKI SET80015
C WITH:THE TYPE NO. FOR EACH EQUATION Kul#2t...tNEQNS L.1 . 200. SETS0020
C TYPE-1 -1 GOES TO"J + K SET80025
C TYPE 2 1 + J GOES TO K SET80030
C TYPE 3 1 + J GOES TO K + L SET80035
C TYPE 4 I + J GOES TO K + L+M SET80040
C TYPE 5 I J * K GOES TO L SET80045
-C TYPE 6 I + J + K GOES TO L + M SET80150
C TYPE 7 I + J + K GOES TO-L M +N 5ET80055

DIMENSION IREAC(8,2001 SET80060
00,.40 IImlvNEQNS SET80065
LMARK ' SETSOO7O
IRIGHT=- SET80075
DO 10 IPT=1-,3 SET8008O
IF(IREACIIPT,1II 1109510 SET8OO85

5 LMA(.K:LMARK*1 SET80090
-6' CONTINUE SET80095

00 29 IF'rz4,6 SET80100-
IF(IREA0.IIPTI I1 120915*20 SET80105

15 IRIGHT='IRIGHT+l SET80110
20 COtITINUE SET80115

IF(LMARK-lI35,30,25 SET80120
25 IREACI89II-1 SET80125

GO TO 40 SET80130
30 IREAC18,111-4-IRIGHT- SET80135

GO TO 40 SETS0140
35 !EAC1II-7-RIGHT SETS0145
41 CONTINUE SET80150

- RETURN 
"
SETS0155

END SET80160

'-1

I

-I V
-~'-------~~ -: ,- -

|--
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SIBFTC DY LIST DYOOO
SUBROUTINE DY(JNEQNSIREAC,IFORMIREMOVtISPEARIARROW) DY500005
DIMIENSION IREAC(8,20D),IFORMI50hIREMOV(5Q0I DY500010

C IFORMII TO IFORMIISPEAkl CONTAIN IN CODED FORM OY(J)/DT FOR DYS5t)015
C FORAAT1I6N PROCESSES. DYSC00ZO
C IREMV(I) TO IREMVIIARROW) CONTAIN IN COOED FORM DYIJJ/DT FOR DY5flfl25
C REMOVAL PROCESSES. DY500030
C NEQNSmNO. OF REACTIONS CONSIDERED9NEQNS L. T. 200 DY500035
C LENGTH L.T. 5nm DY500040
c DY5000 45
C SEARCH TO FIND IF KTH EQN'-CONTAINS SPECIES J IN ROW 12 DY500050

IARROWxO DY500055
ISPEARx0 DY500060
no 90 12x1,6 DY500065
DO 9Q K-19NEQNS DYSOQOTO-
IFI IREAC1IZKI-J)90,5,90 DY500075

C DY500080
C KTH EON CONTAINS YIjI IN ROW 12 DY500085,

5 IF11Z-3)10,1O,50O OV500090
C DY500095
C KTH EON IS REMOVAL EON FOR Y(CJh CALCULATE REMOVAL TERM IN IREMOVE DY500100
C. STARTING AT [ ARROW DY500105

lm' IARROWxIARROW.1 DY500110
IFI IREACfO.K)-2)Z0,ZS,15 DY500115

15 IF(IREAC(8,kl-4) 25t25,30 DY500120
20 IREMOV(IARROWI--2 Y012

GO JO 35 DY50013C
25 IREMOVI IARROW) --3 DY500135'

GO TO 35 DY50014O-
30 IREMOV(I ARkOWI--4 DY500145
35 'IARROWxIARROW#1 DY500150

IREMOV(IARROW)l-IREAC(7,K) DYS()0I 55
DO 45 11=193 DY500160
IFI IREAC(I ItW)) 95,45i40 DY500165

40 IARROWxIARROW~l DY5001 70
IREMOVI IARROW)xIREAC(I IKI DY500115'

45 CONTINUE DY500180O
GO TO-90 DY50OOIOS

C KTH EON IS FORMATION EQUATIO4 FOR YOJ), CALCULATE FORMATION TERN -IN DY500195
C IFORM, STARTING AT ISPEAR DY'500200

50 ISPEARISPEAR+l- D Y5OOZOS
IFUIREAC(8,KI-23 60,65,.55 'DY500210

55 IFfIREAC(8#K)-465654 0O DY500215
60 -JFORA(ISPEARI=2 DY500220

GO TO 75 DY500225
65- IFORMI ISPEARI-3 DY5SOOZ30

GO TO 75 6Y500235,
7IFORM(ISPEARI-4 DY500240
15ispEAR-I'SPEAR+l Y004
IFOkM(IISPE-ARI-IREAC(?#Kl OY500250
DIC 85 11=1,3 DY500255
fII REACIII,K3195,85#8O DY500260

80- ISPEARxISPEAR*1 9Y500265
IFORMI ISPEAR)=IREAC41IK) OYSOOZ 70

85 CONTINUE~ DY5002?S
90 CONTINUE DY500280

GD-TO 05S DYSO0285
95 WRITE(6',1001 DY500290
100 FORMAT123H ERROR -IN SUSADUTINE-DY) DY500295
105 RETURN- 0Y500300-

END- 0DY500305
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$IOFTC DIFFER LIST DIFROOOO
i SUBROUTINE DIFFER(INPUT, INSTOPLOENIPARTLENGTHLFLAGICVRL-IrOR)DIFROOOS5

DIMENSION INPUT-5OOIIPART(5QO),ICOR(50O) OlFR00IO
C DIFROO15S
C SUBROUTINE TAKES PORTION OF CORE FROM INPUTII) TO ANS INCLUDING DIFROOZO
C iNPUT(INSfOPl AND CALCULATES PARTIAL DERIVATIVE OF IT W.R.T. Y(LDENO.DIFROO25
C INSTOP LoT. 200 DIFROO30
C LOEN*5t6e...,NSPECI*4 DIFROO35
C DERIVATIVE IS STORED -IN IPART(tl TO IPART(LENGTHI DIFROO40
C IF LENGTH a 0 , DERIVATIVE IS ZERO DIFROO45

IARROWsO DIFROO50
IPOINT*O DIFROOSS
INDEXaI DIFROO60

C D IF-ROO65
C CHECK FOR END OF INPUT PORTION- DIFROO7O

5 IFIINPUTIINDEX)110,75,I0 'DIFROO15
10 IFIIASIINPUTIINDEXII-41515,80ta 0IFROOSO
15 IF(IJABSI INPUT( INDEX) 3-1) 70,70,20 DIFROO85

C 0 IFR090
C SCAN SERIES FOR LOEN DIFROO95

20 -ISTOP=IABS(INPUT(INOEXII DIFROIOO
I COUN TnO DIFRO105
00 30,I=ZISTOP DIFRO110
II=INOEX+I_ DIFRO115
IFI INPUT(II1-LDEN)3OtZ5v30 0DIFRO120

25 ICOUNTsICOUNT+l DIFRO125
30 CONTINUE DIFRO130

-IF( ICOUNT-1335,v40.40 DIFRO135
C DIFRO140
C NO LOEN IN SERIES DIFRO145

35 GO TO TO DIFRO150
C DIFRO155
C ONE LDEN IN SERIES,CALCULATE PARTIAL IN IPARTSTARTING AT IARROW DIFRO160

40 IARROW*IARROW~1 DIFRO165
IPARTIIARROWI=IABS41N PUT(INDEXII-I DIFROL70
IPARTIIARROWI.ISIGN(IPART(IARROWIINPUT(INDEX)) DIFRO175
IPART(IARROW~llxlNPUTIINDEX~ll DIFRO180
IARRO'W-IARROW~l DIFROIBS

4500D 55 1-2 1 STOP DIFRO19Q
IluINDEX*Il DIFRO195-
IF(INPUT(II)-LDENJ5O,55t50- DIFROZOO

50 IARROWnIARROW*I O IFRO205
f PART41ARROW)uINPUT(iI) DIFRO210

55 CONTINUE -D1FRO215--
IFI ICOUNT-l160,70,6O- DIFRO220-

C LOEN OCCURS MORE THAN ONCE INSRESOFERNI~ AGAIN- DIFRO23O
60 00 65 LLm2tICOUNT DIFRO235

"IARROW- IARROWi4 OIFRO240
* ~65 IPARTIIARRObII-LOEN 01FR02f#5

C DIFRO250
C RESET INDEX- -DIFRO255

TO INDEX-INOEX+IA-BSE INPUTIINOEX))*1 0 IFRO260
IFI INDEX-INSTOP) 50#,75 DIFRO265

75 LENGTNIARROWd - 0FR0270
LICORmIPOINT -DIFRO275

GO TO 90 DIFRO280
60 WRITE16,85) DIFR0Z85,
685 FORMATf2YN ERROR IN SUBROUTINE DIFi-ER) DIFRO29-
90 RETURN- DIFROZ95-

END DIFRO300
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&IBFTC REFACT LIST RFOO
SUBROUTINE REFACT(INPUT0.NSPECIINPUr-ti: NGTH,JKI REFA0005
DIMENSION I NPUTO (50),INPUT (5 O hI WORKI5C0), IST ICK(5O0), INPUTY 50CREFA0010

c 1) REFA0015
C REFA0020

C SUBROUTINE COMPLETELY FACTORS INPUTIOUJ TO INPUTO(LENGTHI ANS-RETURNREFA0025
C RESULT IN INPUT1UI TO INPUT(LENGTH). LENGTH ID CHANGEDO IN ROUTINE REFA0030
C LENGTH 6. T. Oft C- 1000 REOA0635

DO 5 !-1,LENGTH REFA0040
5 INPUT(IJ-INPUTO(I) RFFA0045

ISLOCK-0 REFA0050
IQUIT-1 REFA0055-

10, DO 15 IUliIQUIT REFA0060
15 ISTICK(I3=0 REFA0065

IBEGINwIBLOCK*1REAQT
C REFAQOOlS

C SEARCH INPUT AREA UNTIL FIND FIRST PAIR OF CLOSED PARENTHESIS TO REFA0080
,C AIGHT-OF IBLOCK REFA0085

IF( IBLOCK-LENGT -H46)20,20,175 R EFAOO90
20 DO 40 INDEX-IBEGIN,LENGTH REFA0095

IFI KABSI INPUTI INDEX) 3-1000)40,40,25 REFAO0O0
,25 IFf:INPUT(INOEkl)3C,35,35 REFA0105
30 MAFPKuINOEX _REFA0110

GO TO 45 REFA0115
35 LMARK-INOEX REFA0120
40'CONTINUE REFA0125
45 ASSIGN- 10-TO LSWTCH RFO3

C A EFAO 135-
C HOW LH PARENTHEISS IS AT LMARK AND RH PARENTHEISI IS AR MARK9PICK REFA0140
C OFF EVERYTHING IN BETWEEN REFA0145

ISTART=LMARK -1' REFAO15O
ISTaP=144RK-1 REFA0155
-IF( ISTOP-ISTART-6)1110,0#50 'iEFA0160

50 11-fl REFAO165
00 55 I=ISTARTISTOP REFACI70

11=1 1+1REFAOI75
55 ISTICK(tiI)INPUTII) REFAQLSO-

SIQUIT=II REFA0ISS

C FACTOR-EVERYTHING BETWEEN LAMRK AND MARK REFA0190

CALL FACT6R(tSTICKIQUITNSPEC:I,IWORKLMAX,ISPRED)- REFAOZOO

c IF(LMAX) ,60,110,60, REFA0205
C ftEFAOZ10

C PUT-FACTOREd'-VERSION 41WORK) INTO INPUT BETWEEN-LMARK AND MARK REFA0215
'60 INAVE -MARK-LMARK-1 REFA022ZO

C F ISPRED - IHAVE)65*100#85 -REFA0225

C REFA0230
C TOO MUCH4 ROOM BETWEEN -LMARK AND MARK,COLLAPSE SOME REFA023S-

65 IMOVE-IHAVE-ISPRED -REFA0240
'I11-MARK-IMOVE REFA0245
INPUT~iii -INPUT(MARK) REFAO250
INPUT (MARK)=-0 REFA0255-
I STOP-LENGTH-MARK REFA0260
[IFEISTOP1165, 6 0 REFA0265

70 DO 75 I119STOP REFA0270
JJ=II.I REFA0275
12=MARK4I REFA0260

-INPUT(4j)I[NPUT( 121 REFAOZS
75 -IMPUTE 12)=0 REFAO?9O

I-
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80 LENGTHaLFNGTH-IMOVE REFA0295
GO TO 100 REFA0300

C REFA0305
C NEED MORE iAOOM#MOVE EVERYTHING TO RIGHT OF AND INCLUDING MARK TO REFA0310,
C RIGHT ONE SPACE REFA0315

85 ISTOP-LENGTH-MARK 1 REFA0320
90 DO 95 1l,9ISTOP REFAO325

II-LENGTH 1-I REFAO330
95 INPUT(IIlIi-INPUT(ill REFA0335

LENGTH=LENGTH.I, REFA0340
IHAVE-IHAVE.1 REFA0345
IF(ISPRED-IHAVEI 100910090 REFAO350

c -REFAO355
C DONT HAVE TO MOVE THINGS AROUNG REFA0360

100-DO 105 IsIsISPRED REFA0365
!ImLMARK4I REFAO37O

105 INPUT(IIUI-WORK(l) REFAO3T5I GO TO 10 
-REFA0380

C REFAO3B5
C NEW -SEARCH FOR ; ) REFA0390

110 DO 115-I-IIQUIT REFA0395
115 ISTICK t)-O REFA0400

IBLOCkUMARK -REF40405
-LMARK-MARK REFAO41O

120 IBEGIN x I8LOCK+1 REFAO415
00 130 INnEX-iBEGINPLENGTII REFAO420
IFIIABS(INPUT(INDEX||-10001130,130,125 REFAO425

125 IF(INPUT(INDEXI135175TS175 REFA0430
130 CONTINUE REFAO435

GO TO 175 REFA0440
135 MARK-INDEX REFAO445

C REFA0450
C NOW ), IS AT LMARK AND I iS AT MARKPICK OFF EVERYTHING IN BETWEEN REFAO455

JF(MARK-LARK-6)140140145 REFA0460
140 LMARK=MARK REFAO465

IBLOCK-MARK REFAO47O
-GO -TO -120 REFAO475

C REFA0400
C NOT ENOUGH ROOM TO-FACTOR REFAO45

145 ISTARTaLMARK.1 REFAQ490
IS7OP=MARK-1 REFAO'95
11-0 REFA0500
00 150 ImISTART#ISTOP REFA5O05
11-11+1 REFAO5O

150 ISTICK(II)-INPUT(I) REFA0515
IGUET-Il REFAO520
CALL FACTORCISTICKIQUITNSPECIIWORKLMAXJSPREO) -REFAO525
IFILMAXl 160,155t160- REFAO530

C - REFA0535
C CANT-FACTOR |- V GO BACK AND SEARCH FOR NEXT I REFA05kO

-155 IBLOCK-MARK( REFA0545
LRARK=MARX REFAOS5O
GO TO 110 REFA0555-

C R EFAO560
C PUTFACTORED PART IN INPUT BETWEEN LNARK AND MARK REFAG565

160 GO TO-60 REFAO57O
165 WRITE46,170) RE.FA0575
ITO-FORMATI2TH ERROR IN SUBROUTINE REFACTI REFA0580-
175 RETURN -REFAO5B5

END REFA0590
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SUBROUTINE FACTOR(INPUTLENGTHNSPECIIFACTLMAXISPREDI FACTOOO5,
DIMENSION INPUr(500),IFACTISOD),ICHECK(50O),IMESSI500) FACnolo

C 'FAC-TOO 15:,
C SUBROUTINE FACTORS OUT LMAX, THE SPECIE OCCURRING MOST OFTENi FROM- FACLT0020
C INPUT~l) TO INPUT(LENGTH). FACTORED VERSION IS RETURNED IN IFAcT(I)FACTOO25
C TO IFACT(ISPREDI. -FACT003O 6

C NSPECItNO. OF SPECIES FACT0035-
C LENGTH L.T. 500 -FACTO040
C NSPECI 1. 'T. 106 FACTOO4S

I 5uNSPEC 1+4 FACTO050'
DO 5 1=5,15 FAC-T9O55

5 ICHECK(I1=O* FACT6O00
LCOUNT-0 FACT0065

C_ FACTO07O
C COUNT AinW MANY TIMES EACH SPECIES IS USED- FACTO075-

I N 0 E~J t FACTOOSO'
10 -1'Ff IWI)TlINDEX 1) 15,70,5 FACT0085

C FAC'T0090-
C IF HIT ZERO GET OUT FACT0095'

15 IF(IABSIINPUT( INDEXII-4)20,?.O,185 FACT010O
20 1IF(IABS(-INPUTC(INDEX))-2)40;40,25 FACTOI05S
25 ISTOP=IABS(ItJPUTIINOEXJJ FACTO110O

C FACTfliI5-
C. CHECK FOR REPEATED SPECIES IN -TERM FACTOI20'

DO 35- J=2iISTOP FAC-T01251
II=INDEX+I -FACT0130',
D0 35 J*Z#ISTOP- FACT0l 35-
JJzINOEX+J -FACT0140
1Ff I-Jl30,35,36' FACTO 145'

30' IFI INPUFC II)1-INPUTI JJJ )35,60.35, FACTOI50
35 CONTINUE FACT0155*

-GO TO 50 FAC To160-
C FACrO165'
C NO'PREPEATED) SPECIES IN TERM FACi0170

40 IF(IABSiINPUT(INDEX))-lJ185,f5,45 FACTOITS
-,?t5 JfINPUT( INOEX+ZI -FACTO180'

-ICHCKEI IICHEK( 141FACT0185-
GO TO-65 FACT0190'

50 DO 55 I=2,ISTOP FACT0195
JJ- INOEX+I FACTO200-

I~xIPUT(~JJ-FACT0205
55 ICHECK(1=ICHECK(I1)IJ+1 FACT02IO

GO TO-65 FACT0215
C FACT0220
C -REPEATED SPECIES IS It FROM STATEMENT 4 FACT0225

60 IIxINPUT(JJJ. FAC T0230
ICHECKfI II'CHECK(II 1-1 FACT0235
GO TO 50- FACT0240

C FACT0245
C ESET INDEX TO HIT NEXT TERM FACT02SO
65 INDEX=INOEX+ IABS(INPUT(INDEXI[41. FACTO255S

IFI INDEX-LENGTH) 10#10970 FACT026-
70'LENGTH=INDEX-1 FACIT0265:

C FAC'T0270'
C NOW THE ICHECK(L) CONTAINS THE'NUASER OF TIMES THE SPECIES L OCCURS' FACTOZT5.
C IN LOCATIONS' INPUT(II -TO INPUTILE'NGTH) FACT02OC0
C FACT0285-
-C' SCAN THE ICHECK TO SEE- IF FACTORAALE. FAC1TO290
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1'NSTOP-NSPECI4*4 FACT6295
00 75 1-5,NSTOP FACT0300
IF( ICHECKI I)-2)75P80,80 FACT0305

75 CONTINUE FACT0310
FACT031.5

CANNOT BE FACTORED FACT0320
LMAXO0 FACT0325
GO TO 19~5 FACT0330

FACT0335
SCAN THE ICHECK TO FIND LMAXPTHE SPECIE OCCURRING MOST OFTEN FACT0340
80 06'90 I-5,NSTOP FAC T0345

161 ICHECK(I I-LCOUNTI9,90085 FACT,0350
85 LMAXwI FA -CTO 355

LCOUNT=ICHECKI I) FALCT0360
90 CONTINUE FACT0365

FACT0370
FACTOR AND ARRANGE PARENTHESIS FACT0375

IFACT(I U-IMAX FACT0380
IIFACTfZJmlQOI FACT0385

IARROWXL FACT0390
ISPEARx3 FACT0395
INDEX=! FACT0400

95 IFIINPUT(INDEXI) 100,175,100 FACTO405
100 IF-I KABSI INPUTI INDEXI 1-4) 105,105,1.85 FACT0410
105 IFII[AtSSINPUT(INDEX)-1)185.120,110) FkCT0415
110 -ISTflP'IABSI INPUT( INDEX)) FACT04Z0

DO 115 1-2,tSTOP- FACT0425-
II-INOEXtI 'FAC T0430
IFf -INPUTI II l-LAX)115#1359-115 FACT0435

115 CONTINUE FACT0440
GO TO 125 FACT0445

120- ISTOP-1 ----- FACTO45O
r FACiO455

NO LMAX 'IN THIS tiiIES OF SPECIES,SNIP SERIES TO IMESS FACT0460
125 INESSIIARROW)-INPUT([NDEX) FACT0465

00 130 I1,ISTOP FACTO47O,
IARROsI ARRGW~1 rACT0475
I I-IN0EX+(' FACT0480

130 IIESS1ARkOW)'INPUTIIII FACTO485,,
IARROWwlARROW41 FACT0490
GO TO--170 FJ0495

FACT0500
LMAX IS IN THI$ SERIES, COLLAPSE SERIES- INTO [FACT fACTOSOS-
135 -IDUM-1ABSI INIUTI INDEX) I-1 -FACYOSLO

IFC3SER4SGIIUNUINE) FACT0515
ISPEARuISPEAR+l -FACT0520

140 IFACT(ISPEAR)=INPUTIINDEX+1) EACTOS,251 I DROP-f) FACT0530
DO 165 1'Q~tSTOP FACT0535

IFVlDR0P I 156it4.5, 150 FACTO545-
145 IF(INP&TCliI)-IP'.,FX)150,160,150 FC05

10ISPEARuISPEAR+, FAT05
1IFACT(ISPEARIN1PUT(II)FAT06

-Go"- To i65 AT06
0IDROPwlFAT07

15CONTINUE AT55
I SPEARmI SPEAR. 1 F AC -T05 80

FACTO585
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C RESET INDEX FACrO59.
TO tNDEX=INDEX+1ASS(LNPUT(INOEXI..L FACTO595

IFf INDEX-..ENGTH) 95w95#175 FACT0600
FACT0605

SET RIGHT 'PARENTHESIS FACT0610

175 IFACTIISPEARIN-1001 FACT0615
C FACTG620
C NOW S1VAP IMESS ON REAR OF IFACT STARTING AT ISPEAR FACTO6Z5

IARROW= I ARROW-J_ FACT0630
00 180 Ix.1IARROl FACT635

IIxISPEAR+I FACT0640
180 IFACT(II)INESS(lI FACT0645

ISPRED=ISPEAR.IARROW FACT0650
GO TO 195 FACT0655

185 WRITE1691,901 FACT0660
190 FORNAT(27H ERROR IN3SUBROUTINE FACTOR) FACT0665
195 RETURN FACTO670

END FACt06?5

Subroutine OUT takes the highly factored'versibn of the ibmoval or -formation

reactions as required and prepares the hollorith output charrcters for each term

of the factored'equation. The species are coded as Y(X)'and 'the rate constants as

C(Z). Each term of the series is identified by a factorizing parenthesis as a

species or a rate constant. Into the first word of the OUTPUT region is stored an

equal sign. Whenever a factorizing parenthesis is found, be it open-or closed,

the BCD character for the open or closed parenthesis is stored in the next word

of the OUTPUT region. The actual insertion of the BCD-equivalent of the binary

term is inserted between the parentheses of Y and C' by subroutine CODER.

This latter subroutine also-inserts the BCD characters for addition +) and' for mul-

tiplication (*) into OUTPUT words as required.

Upon exit from OUT, the FORM or REMV terms preceeded by or followed by L

proper BCD arithmetic~symbols are located in the OUTPUT region. Each word of

this region contains one BCD coded quantity. It can be eitheir 6 species Y,, a rate

constant C, an open or closed parenthesis, or a plus sign. The following state-

ments, beginning on-page B14, are a listing of the FORTRAN statements for sub-

routine OT.

Subroutine CODER -is called by OUT and sets up the BCD character for the

information fed tit by OUT. OUT calls this subroutine if the word to be coded'

is a, species or a rate constant, tells thesubroutine if it is a speciesor a rate

constant-and whether the-species should have an asterisk preceeding it or follow-

ing it in the FORTRAN code. Upon return to OUT this BCD coded word is-stored

in the next word of the OUTPUT region.

The following-statements, beginningon page B15, are a listing-of the MAP

code and can be used or an IBM-7044-as well as on an IBM-7094.

"' -'

t'



$1 U K M LU ST LU E:000 5
ujWOXW I LU I 4MI IEEW 4M JkW

C~Lu vW I PAJ I tifCO h;Q0 I m.OAt0odd

tkI I I WO W 0031

tI &ouAJI4MAAGMUI 1 LD)O

335 LUReU I ARK411) ~I
IX. ITJO 710 Aoirows
LOMSIC 4 # L iiUMk)-4b

31 LCALLCC.OR 11MO40 III 1:4~%.JJ O 010I330

JQrJo7T W&Jt00bl5

I Ra vs K1lA n i 1i5'3! a 4 I1-2JLIh LO DtL5

401IM&ABW 4 MA EX 4 LwrQkbsO

jjjv2 iourcoo14

CALLCCOER (6L4GTOQWAASKolJJ) WIUEOQV95
"cPrJ lA0Vi)-#G'aSK Umo

550 CCiM IlUKE OUrEOoZ05
I [O kX 4 1"E,0i &AS& EIMTI IK ~A)) 1urooa0

' TUr077iO UT00216
-55 lIiftciojII N0Eox-Ul 1*0 f85di65 aiijrozzo

I tAiaUW,4I.AARGI01 ..ou0035

COKASKW('2) j~j-s3 .OuroObso
(.CALL 'XO0ER 0i D;O TO i C*A$ K ijlj I -,OUTG0b55
t.UUTPUT I F~ARROW) a-OAASK I Ou TQQ2z

a70 IINOUE(LN0oix4l kOUTC0265I [IRC(JNGBAtLEN4GT*II S50,5 M0 2 70
a~5 JJAAlZQW4 IAARKii touz0ozw~

CGO I70 i 5' t-Ok roozsO
b~0 IAJARROW41 I OUrOM

CW ITO 5 UTrOQZ9O

1.4O':FGA4AI(24HI EUhOi 1IN'sSUBROWIN~E 01 .0100
-45 t4.EtUltN ,U1tO0305,

kENU -W~T,03EO



LCOUE SSA OMlL A
SS TA 33U4 t

T~LA 4iME
)S A CCOUEE
'A TA CC06EO

S3TA LCGEE?

4 SA CCE6

S TA e1J8
LC&LA .5
ISTA tAMEL~(
SSUT TIP

cCWOEO UML ~***Q
CC"MEE Awht 4
LC.*2CA LCLVA V**

IT)1X CQOEcVA,4
LL4L 13
tLIa TTNRE~i i

CCUCEL LL"L 16EL
IldZ V**!2

LL"R 1M
XXCA

U MLCIA K FUU
AM, rT~fmpi

~LCLA PPmm
PCE IAX rai

ITICA LEGICE3

jAOO tiALkAK
FTIRA tf"OE2

COE3 ORnS *.**
COWE .CLA n*

tAX :oil
JTCA COE5,
ITMA tCOOEI,

JTIA .COOE6
X0054 LDJ **

kLGR -.
*'XCA
ITKA .CGQE6

,CUQE5 iLuA *

1iAVa 9EQuft
.COECE6 4S 10 4

OttETUAN ;COOER
4114REE ,001 i.000000000003
ZLERO -OT ccoccooacc0

I'PAA&AN '.OCT :CQcCCCCC034
ALANK Var ccaQco1acce6o
AXSIAK OCT ._CCCCeWCo54
,ASK -OCT 17I11COCCOO4

) VEN0



Upon exit, from subroutine OUT, all of the terms of the given series, are BCD,

coded and:stored-in the OUTPUT region. Since each word of this region contains

one coded species, one rate constant, oneequal, sign, one plus sign, or an open

or closed parenthesis, cach Word will contain some -imbedded Llank characters.

The p'rpose of subroutine DECOD is-to scan the'OUTPUT regioh and remoc any fl

blank characters it finds and tocoUapse the remaining valid characters.

-On exit from DECODE the required BCD coded equation'is sitting in the lD

region devoid of all- imbedded blank characters iand is ready to be printed and

punched.

The following statements,, beginning on page 1117, ,are,a listing of the.MAP

.code 'for this subroutine and in acceptable to either the IBM-7044 or -IBM-7094

computer.

~-i
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SIBMAP DECODE
DECODE SAVE 1.2 A

CIA: 494
SIA- DECO04
CLA 5,4
sTA *+I
CLA *4
PAX 091
ADD 39,
SIA DEC001
CIA 6.4
SlA DECOOS
CLA MASK
SO'_ DECO02
511 COUNT
LXA SLXZ.
LXA SIXv4

CECU01 11)0 *4.1
LGL 6
CAS BLANK
TRA 4.2
TRA DECOD3

ODECOD2 ALS 30
DECO04 ORlS 04

CIA OECOO2.
SUB~ six
SID: DECOOZ
'TIU -DECO39291 4
CLA COUNT
ADD liNE-4
SIG COUNT
CLA OECD&
SUB8 ONE
STO DtCO4
CLA MASK
S10 DECO02
~LXA S1X9Z

DECO03 CLA 'ZERD
TIX' DECOD141,4,1
LXA SAX94'
TAx DECOdi.L.1

-CIA' DECO02
Stu 'DECOO5
CIA COECO04
Stu DECObA

OECOD7 CIA BLANK-
BECOO0i ALS *
DECO06 ORlS

CIA DECO05

'SUB six
SIG DECGO5 1
TAX OECCO7929L
CLA CouNA,
ADD ONE

DECO0DSTU0
RETURN DECODE

MASK -ALS 30
six DEC 6
CNE DEC L
BLANK -DUCI' ooaccrooooo
ZEKIJ OCT oOoccooccoOC
COUNT u55 1'I

END-
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